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Abstract of thesis 
	
Adults with chronic neurological disease are at high risk of developing osteoporosis and fracture.  The 

two most common causes of childhood neurological disability are cerebral palsy (CP) and spina bifida 

(SB).  CP results from a deficit or lesion of the immature brain and represents a group of disorders 

with problems in control of movement. SB represents a variety of congenital neural tube defects.  As 

these individuals are now living longer, there is increasing recognition that bone health and 

preservation of mobility are crucial in maintaining independence and quality of life. 

 

In adults with CP and SB, there is currently insufficient evidence to guide assessment and management 

of bone fragility.   Paediatric studies in CP and SB have demonstrated the importance of functional 

status on bone health.  In children, the distal lateral femur is the preferred site for measurement of 

bone mineral density (BMD), but the optimal site of BMD assessment has not been determined in 

adults with CP or SB.  Changes in bone microstructure seen on quantitative computed tomography 

and high resolution magnetic resonance imaging are likely to contribute to bone fragility in children 

with these conditions. However, these findings have not been replicated in adults with CP or SB.     

 

Therefore this thesis aimed to examine bone fragility changes in adolescents and adults with CP and 

SB as they age, to assess risk factors for low bone mass and whether fractures continue into adulthood; 

to determine the optimal method of measuring BMD in adults with CP and SB; to assess bone 

microarchitecture and its contribution to bone fragility; and to review longitudinal changes in BMD 

from adolescence to adulthood. 

 

In adults with CP, the importance of function and ambulation on bone health was shown in both cross-

sectional and longitudinal studies of BMD, and through its effects on bone microarchitecture. BMD at 

the femoral neck correlated with fracture risk, and measurements at the femoral neck and lumbar 
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spine allowed monitoring during the transition from adolescence to adulthood.  Puberty was shown 

to be a critical time for bone accrual, and the presence of hypogonadism, which can be under-

recognised and/or untreated, had adverse effects on bone and muscle mass.  In adulthood, fractures 

that occurred were similar to typical osteoporotic fractures, albeit occurring at a younger age than 

expected.   

 

In contrast, the risk of fragility fracture decreases in young adulthood in SB.  The relationship between 

fracture and BMD is still unclear, but the high rates of obesity may explain the difference in fracture 

risk and bone mass seen between SB and CP. 

 

In summary, this body of work demonstrates the multitude of factors negatively impacting bone 

health in adults with chronic neurological disease.  In adults with CP and SB, the femoral neck (and to 

a lesser degree lumbar spine) should be the site of BMD measurement and follow-up.  Attention to 

maintenance of muscle mass and ambulation is key to reducing bone loss in CP.  Hypogonadism may 

play a role in bone health in CP through its effect on muscle, although further work needs to be done 

to determine the efficacy of sex-steroid replacement.  The importance of early intervention to improve 

bone accrual in childhood and during puberty is emphasised by the longitudinal changes seen in BMD 

during this time in CP.  In SB, further work is needed to address the management of obesity and 

associated cardiovascular comorbidities, as bone health is not as severely compromised. 
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Chapter 1 – Literature review and research aims 
 
1.1 Bone structure and function 
 
Bone is best known as a support structure for the body but is by no means a static or inert material.  

Approximately 10% of the human skeleton is undergoing remodelling at any point in time, allowing 

bone to adapt to the forces placed on it, repair damage and maintain mineral homeostasis.  Bone is 

predominantly made of type I collagen strengthened by mineral in the form of calcium hydroxyapatite.  

The degree of mineralisation and collagen cross-linking influences the stiffness and flexibility of bone 

(1, 2).  Interspersed in the collagen, there are bone cells which play a critical role in the modelling and 

remodelling process.   

 

At a macroscopic level, a long bone can be divided up into the diaphysis (the shaft of the bone) and 

the epiphysis (the end of the bone).  Bridging the two is the metaphysis which contains the growth 

plate, a layer of cartilage which is ossified once growth ceases.  The diaphysis of long bones is 

composed predominantly of cortical (compact) bone and the epiphyses composed of trabecular 

(cancellous) bone.  Vertebral bodies and flat bones such as the skull and pelvis, are comprised of 

trabecular bone encased by an outer layer of cortical bone. Cortical bone accounts for approximately 

80% of bone mass and is much less porous than trabecular bone, allowing it to withstand loading.  

Trabecular bone is a lattice like structure providing it with flexibility.   

 

The microscopic structural unit of cortical bone is the osteon, which contains a central cavity 

containing blood vessels/nerves/lymphatics surrounded by concentric circles of bone tissue.  These 

concentric circles are known as lamellae.  In contrast, the microscopic unit of trabecular bone is known 

as the trabecular packet, which does not contain a vascular channel.  Lamellae are arranged 

longitudinally along trabeculae rather than concentrically.  
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There are 4 main types of bone cells: osteoblasts, osteoclasts, osteocytes and bone lining cells.  

Osteoblasts are derived from pluripotent mesenchymal stem cells and secrete collagen and minerals 

to form new bone.  As the bone matrix mineralises, the osteoblast is trapped and changes into an 

osteocyte, which comprises 90-95% of all bone cells.  Osteocytes live in small spaces known as lacunae 

and have long slender processes (canaliculi) that connect them to other bone cells.  The osteocyte co-

ordinates osteoblasts and osteoclasts in response to the mechanical and hormonal milieu.  Osteoclasts 

are multinucleated cells that come from the monocyte-macrophage lineage.  They are the cell 

responsible for bone resorption through the release of protons (acid) and enzymes including tartate 

resistant acid phosphatase (TRAP), matrix metalloproteinase 9 (MMP9) and cathepsin K.  Bone lining 

cells are quiescent osteoblasts that cover the bone surfaces.   

 

An area of bone that is being remodelled is called a basic multicellular unit (BMU) (3).  This is thought 

to be triggered by damage to the bone which is conveyed by osteocyte deformation or apoptosis.  

Resorption is then undertaken by osteoclasts in a BMU, which takes approximately 3 weeks, before 

osteoblasts form new bone over 3-4 months.  Bone mass can be lost either through increased rates of 

bone remodelling with activation of many BMUs, or if there is a negative balance in a BMU with the 

amount of bone resorbed greater than that formed (4).   

 

There are two key pathways which regulate the activity of osteoclasts and osteoblasts in a BMU.  The 

wingless (Wnt) signalling pathway plays a key role in osteoblastogenesis and differentiation. The 

binding of Wnt ligands to its receptor (a dual receptor composed of low density receptor related 

protein 5 (LRP5)/6 with frizzled) leads to inhibition of b-catenin degradation (Figure 1).  b-catenin 

accumulates, translocates to the nucleus and activates transcription factors involved in 

osteoblastogenesis.  Inhibitors of this process include sclerostin and dickkopf-1 (DKK-1) which are 

secreted by osteocytes and bind to LRP5/6 to prevent Wnt ligand binding.  Indeed, this is thought to 
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be the predominant mechanism by which osteocytes respond to mechanical signals to regulate bone 

mass (5). Mechanical loading reduces osteocyte production of sclerostin and in turn increases bone 

formation. 

 

Osteoclast activity is predominantly controlled by the receptor activation of nuclear factor kB 

(RANK)/receptor activator of nuclear factor kB ligand (RANKL) pathway.  RANK is expressed on the 

osteoclast cell surface.  Osteocytes secrete both RANKL, a pro-osteoclastogenic cytokine that 

stimulates this pathway, and osteoprotogerin (OPG), a decoy receptor for RANKL which acts as an 

antagonist.  Binding of RANKL to RANK promotes osteoclast differentiation and survival.  The central 

role of the osteocyte can be seen in Figure 1. 

 

 
 
Figure 1 – Central role of osteocyte in regulating Wnt and RANKL/RANK pathways 
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1.2 Osteoporosis 
 
Osteoporosis is a disease of low bone mass and disturbed bone microarchitecture with subsequent 

increased risk of fracture.  In Australia, over 1 million people have osteoporosis and 6.3 million have 

osteopenia (precursor to osteoporosis) which will become increasingly prevalent as the population 

ages (6). Fractures are associated with significant morbidity and mortality and place a significant 

burden on health care utilisation and costs.   In the US, it is estimated that one in two women and one 

in five men over the age of 50 will have an osteoporotic fracture in their lifetime (7).  Increased 

mortality after an osteoporotic fracture is present for up to 10 years and is highest after hip fracture 

(8). 

 

The diagnosis of osteoporosis can be made by the presence of a low trauma fracture or by radiological 

means using dual energy x-ray absorptiometry (DXA).   DXA measures bone mineral density (BMD) in 

grams per centimetre squared (g/cm2).  An individual’s bone density is then compared to that of young 

healthy adults and reported as a T-score.  A T-score is the number of standard deviations above or 

below the BMD of young healthy Caucasian females.   A T-score of <-2.5 on DXA is considered 

osteoporosis whilst a T-score of between -1 and -2.5 is defined as osteopenia according to the World 

Health Organisation (WHO) criteria (9).  This definition was formulated for postmenopausal women 

after consideration of the prevalence of osteoporosis and risk of fracture with various cutoff values.  

In postmenopausal women, for every one standard deviation decrease in bone mineral density (BMD), 

fracture risk increases 1.5-3 fold (10).  There are ethnic differences in BMD and the BMD-fracture 

relationship which is not fully captured in the definition of osteoporosis or the fracture risk assessment 

tool (FRAXÒ) (11).    

 

Given that this definition of osteoporosis on DXA was initially formulated for postmenopausal women, 

it cannot be applied in a blanket fashion to other populations.  In children and adolescents, it is more 
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appropriate to compare their measurements to healthy children of the same age and sex.  In a DXA 

report, a Z-score is also calculated, which is the number of standard deviations of BMD above or below 

that of someone who is the same age and sex.  In children and adolescents, the International Society 

of Clinical Densitometry (ISCD) uses the term ‘low bone mass’ rather than osteoporosis when the Z-

score is <-2.0 (12).  Osteoporosis should only be diagnosed if there is also a clinically significant fracture 

history which is defined as one or more of the following: 1) two or more long bone fractures by age 

10 years; 2) three or more long bone fractures at any age up to age 19 years (13). 

 

In young adults, the International Osteoporosis Foundation (IOF) working group proposed keeping the 

WHO definition of a T-score <-2.5 as long as growth has finished and peak bone mass (PBM) has been 

achieved (14).  This is to maintain consistency; furthermore T-scores and Z-scores are very similar in 

this population.  However, the (ISCD) 2016 guidelines recommend using Z-scores in premenopausal 

women and men <50 years of age, with a Z-score of <-2.0 as ‘below the expected range for age’ (15).   

 

Bone density is only one determinant of bone strength, however, DXA-derived measures of BMD are 

easily obtainable and inexpensive.  Notably, DXA does not measure true ‘density’; BMD is calculated 

from a 2-dimensional picture and so is reported as areal bone mineral density (aBMD) to differentiate 

it from volumetric bone mineral density (vBMD).    As children grow and the size of their bones 

increase, aBMD will increase yet vBMD will remain relatively unchanged.   

 

There are a number of medical conditions and medications which lead to increased risk of fracture: 

reduced bone mass and strength in these cases is termed ‘secondary osteoporosis’.  This is to 

differentiate it from primary osteoporosis which is loss of bone mass due to ageing and or menopause.  

Secondary osteoporosis may account for up to 30% of osteoporosis in postmenopausal women and in 

80% of men (16, 17).  The most common secondary cause of osteoporosis in men is hypogonadism, 



23	
	
	
	 	

and may be seen in up to 16% of men with vertebral crush fractures (18) and greater than 50% of 

elderly men with hip fracture (19).  Another important cause of bone loss is glucocorticoid use, which 

at supraphysiological doses can cause suppression and apoptosis of osteoblasts, and upregulation of 

osteoclastic bone resorption through stimulation of the RANK-L pathway (20).   Other causes of 

secondary osteoporosis are listed in Table 1.  

 
Table 1 – Secondary causes of osteoporosis 
 
Endocrine 

- Hyperparathyroidism 
- Hyperthyroidism 
- Diabetes 
- Hypercortisolism 
- Hypogonadism 
- Growth hormone deficiency 

Medications 
- glucocorticoids 
- lithium 
- barbiturates 
- anticonvulsants 
- thiazolidinediones 
- heparin, warfarin 
- SSRIs, SNRIs 
- affecting gonadal function: 

aromatase inhibitors, 
medryoxprogesterone acetate, 
gonadotropin releasing hormone 
agonists 
 

Autoimmune 
- rheumatoid arthirits 
- systemic lupus erythematous 
- ankylosing spondylitis 

Haematological 
- thalassaemia 
- multiple myeloma 
- monogammopathy of uncertain 

significance (MGUS) 
- systemic mastocytosis 

 

Renal  
- chronic renal impairment 
- idiopathic hypercalciuria 
- renal tubular acidosis 

 
 

Transplantation 
- solid organ 
- bone marrow 

Gastrointestinal, nutritional and hepatic 
disorders 

- malabsorption (coeliac) 
- inflammatory bowel disease 
- gastric bypass 
- pancreatic insufficiency – cystic 

fibrosis 
- chronic cholestatic disease 
- chronic hepatitis 
- haemochromatosis 
- eating disorders 

 

Immobilisation, neurological 
- Cerebral palsy 
- Spina bifida 
- Rett syndrome 
- Parkinson’s 
- Duchenne’s muscular dystrophy 

and other muscular dystrophies 
- Spinal cord injury 
- Stroke 
- Dementia 
- Multiple sclerosis 
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1.2.1 Osteoporosis in young adults and adolescents  
 
Low bone mass in young adults may reflect low peak bone mass (PBM) due to body size, genetics and 

the environment rather than true osteoporosis.  This makes the diagnosis of osteoporosis in this 

population challenging, and may explain why the relationship between fracture and bone density is 

not as strong as that seen in postmenopausal women/men over 50. 

 

Genetic factors account for up to 80% of the variance in PBM (21). However, modifiable factors such 

as calcium intake, weight bearing physical activity and hormonal status influence whether the 

genetically pre-determined PBM is obtained.  Bone mineral content almost doubles during puberty 

between the age of 8 and 18 years (22).   The Canadian CaMOS study found variations in timing of 

PBM dependent on site of measurement and sex.   Areal BMD (aBMD) at the femoral neck peaked at 

ages 16-19 in females and 19-21 years in males, whereas lumbar spine aBMD peaked at ages 33-40 in 

females and 19-33 in males (23).  If chronic illness is present in childhood during these important years 

of bone mass accrual, PBM will be severely affected and these individuals are at high risk of developing 

osteoporosis in adulthood. 
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1.3 Neurological disease and bone health 
 
Many neurological diseases, whether congenital or acquired, have been associated with osteoporosis.  

These diseases include spinal cord injury, Rett syndrome, Parkinson’s disease and multiple sclerosis 

(24-27).  The most important mechanism underlying this is reduced mobility.  Mechanical forces 

exerted on bones through physical activity result in maintenance of bone mass and adaptation of 

structure which has been described as the ‘mechanostat’ (28).  It is well known that mechanical 

loading increases bone mass whilst disuse leads to loss of bone mass.   

 

The effect of loading on bone is thought to be predominantly mediated by osteocytes as mentioned 

in Chapter 1.1.  Mechanical strain signals are amplified through the osteocyte processes, causing 

osteocytes to release signaling molecules that alter the activity of osteoblasts and osteoclasts (29, 30).  

Unloading leads to upregulation of sclerostin and subsequent reduced bone formation (31, 32) (33).  

Bone resorption is also affected, as sclerostin increases expression of RANKL leading to increased 

osteoclast activity and numbers.  Unloading in mice also increases osteocyte apoptosis, which leads 

to increased osteocyte RANKL production and cortical and trabecular bone resorption (34).  

 

There is evidence in humans for the central role of sclerostin in mechanotransduction. High sclerostin 

levels have been found in adults who have been immobilised from stroke, with levels being positively 

associated with markers of bone resorption (35).   In adults with CP, those who were non-ambulatory 

were found to have higher levels of sclerostin and lower BMD Z-scores than ambulatory adults with 

CP (36).  

 

It is important to make a distinction between individuals in whom the onset of their neurological 

disease occurs during childhood from those who have an acquired neurological disease causing 

immobility.  Those with early onset immobility have abnormal bone development in addition to 
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abnormal bone remodelling.  A typical pattern of bone development has been described: long bones 

are slender with reduced bone density at the metaphyses (37).  This is a consequence of reduced 

mechanical forces impacting the formation of cortical and trabecular bone.  Fractures can therefore 

occur with minimal force such as with transfers from bed to chair etc., or with seizures. 

 

When neurological disease is acquired, such as after spinal cord injury or stroke, there is a period of 

initial rapid bone loss followed by development of a new steady state after 2 years (38, 39).  A greater 

than 20% loss of BMD has been described 4 months following spinal cord injury (40), with preferential 

loss of trabecular bone at the distal femur and proximal tibia (41). 

 

Apart from causing deficits in bone metabolism, neurological disease also impacts on falls and 

imbalance.   Diminished mobility and perception, coupled with impaired cognition, put patients with 

neurological disease at high risk of falls.  Risk factors for falls have been found to overlap with risk 

factors for hip fracture in older women (42).   In Grisso et al’s study, subjects with neurological 

impairment secondary to stroke or Parkinson’s disease were found to have a 2 to 9-fold increased risk 

of hip fracture.   

 

In conclusion, adults with neurological diseases are at increased risk of fractures through reduced 

bone mass and high falls risk.  Those with congenital neurological disease have low peak bone mass 

compounded by ongoing loss of bone mass with ageing.  Spina bifida and cerebral palsy are the two 

most common causes of chronic neurological disability in childhood and yet there are few studies 

examining bone health in adulthood.  These two diseases and how they affect musculoskeletal health 

are discussed in detail in the next chapters. 
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2.1 Cerebral Palsy 
 
Cerebral palsy (CP) is an umbrella term describing motor disorders that are due to a brain injury during 

central nervous system development.  It is best seen as a clinical descriptive term rather than a 

diagnosis with a clear aetiology as such.  The definition has been revised over the years to reflect the 

heterogeneity and the complexity of the problems faced by patients with CP.  In 2004, the 

International Working Group on the Definition and Classification of Cerebral Palsy defined cerebral 

palsy as follows: “Cerebral palsy describes a group of permanent disorders of the development of 

movement and posture, causing activity limitation, that are attributed to non-progressive 

disturbances that occurred in the developing fetal or infant brain. The motor disorders of cerebral 

palsy are often accompanied by disturbances of sensation, perception, cognition, communication, and 

behaviour, by epilepsy, and by secondary musculoskeletal problems.” (43, 44).  

 

Associated impairments described in the definition are common and more likely if a severe motor 

impairment is present.  These neurological disturbances can have a greater bearing on quality of life 

than the motor impairment itself (45).   

 

It can thus be seen that the term ‘CP’ represents a wide spectrum of disability and is inadequate alone 

as a diagnosis in individual patients.  Each individual with CP needs to have an assessment of 

underlying aetiology, motor type, severity of motor impairment and associated pathologies. 

 

2.1.1 Diagnosis 
 
The diagnosis of CP requires a multifaceted approach.  Clues may include slow motor development, 

abnormal muscle tone or posture, and early hand preference due to hemiplegia.  Imaging such as 

computed tomography (CT) or magnetic resonance imaging (MRI) of the brain may reveal structural 

abnormalities.  In up to 85% of cases, abnormalities on MRI are seen and the absence of abnormalities 



28	
	
	
	 	

should lead clinicians to explore alternative diagnoses (46).  MRI findings differ depending on the 

timing and severity of the cerebral insult.  Cortical abnormalities such as polymicrogyria, where they 

are too many small folds in the cortex, occurs from an insult from 20 gestational weeks onwards.  

Periventricular white matter injury results from damage to white matter and can occur from mild-

moderate insults at 24-34 weeks gestation (43). 

 

Assessment for the presence of associated disabilities such as intellectual impairment, hearing and 

vision loss can help distinguish CP from other conditions.  The main differential diagnoses include 

metabolic and genetic disorders, which progress over time.  A key feature of CP is that it is a static 

neurological insult.  Declining motor function in CP can occur later in life but in the context of 

degenerative processes affecting muscles, tendons and joints from chronic abnormal mechanical 

forces. 

 
2.1.2 Pathogenesis 
 
CP can result from brain injury occurring during the prenatal, perinatal or postnatal periods and for 

the majority the cause is not well understood (47).  Predisposing factors include preterm delivery, 

intrauterine infections, intrauterine growth restriction, placental pathology and multiple pregnancy 

(48) (49) .  Postnatal causes range from neonatal jaundice to meningitis, trauma and stroke.   

 

Previously many cases were attributed to perinatal ‘birth asphyxia’ i.e. acute hypoxia during late 

labour and/or birth.   However, it is now recognised that signs of fetal compromise at birth may be 

caused by chronic long-standing hypoxia and pathology, and asphyxia accounts for <10% of CP (50, 

51).    Supporting this is epidemiological evidence that despite increased Caesarian delivery rates, the 

incidence of CP is unchanged (52).  
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With the emergence of inexpensive new generation DNA sequencing technology there has been 

renewed interest into genetic causes of CP.  It has been known for some time that there is increased 

prevalence of CP among twins, siblings and in children with a parent or other family member with 

cerebral palsy (53-55).   In addition, congenital anomalies such as microcephaly, cardiac anomalies 

and facial clefts are much more prevalent in individuals with CP compared with the general population 

(56, 57). 

 

From studying families with ⩾2 members with CP, at least six monogenetic forms of CP have now 

been described (58). The genes involved have known roles in neurotransmission, neuronal polarity 

and signalling.  In sporadic cases of CP, other potential disease causing genes have been identified 

using whole exome sequencing, but require further validation (59).  Chromosomal microarray is 

another technique that has been utilised in CP given that copy number variations have been 

implicated in a number of neurodevelopmental conditions such as autism and intellectual disability.  

In up to 31% of individuals with CP, pathogenic copy number variations have been found (60, 61) .  In 

total, it is estimated there may be a potential genetic contribution in up to 34-45% of CP (52).   

 

It therefore can be seen that there are multiple causality pathways to the development of CP, and 

many occur early in utero.  This can explain the heterogeneity of CP and the challenges in finding 

successful interventions to reduce the prevalence of this condition. 

  

2.1.3 Epidemiology 
 
The prevalence of CP worldwide is 2-3.5 per 1000 live births (62-64) and appears stable over time 

despite increased survival of preterm infants (65).  The Australian Cerebral Palsy Register found that 

between 1993-2006, the prevalence was similar being 2.1 per 1000 live births (95% CI 2-2.2) (66).   
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2.1.4 Life expectancy 
 
The life expectancy of children with cerebral palsy has increased significantly due to advances in 

medical care.  In a cohort of over 300 individuals with cerebral palsy, almost 85% survived to age 50 

years, conditional on surviving to age 20 years (67).  In a Western Australian cohort who were born 

between 1958 and 1994, the standardised mortality ratios dropped significantly after age 15 (68).   

 

Respiratory causes of death are predominant in younger patients, a reflection of oropharyngeal 

dysfunction and aspiration risk.  In older patients, Hemming and colleagues used the United Kingdom 

death registry to determine cause of death in 506 individuals with cerebral palsy from the Bristol area 

born between 1930-1960.    They classified cause of death into broad groups from the International 

Classification of Diseases (ICD), 9th version.  Hemming et al found increased mortality was 

predominantly due to cancer, circulatory system and digestive system diseases (67).  Deaths from 

digestive system diseases were higher than what would be expected in the general population.  

Similarly, in a study of over 45,000 adults with CP of whom 10% died during the study period, 

standardised mortality ratios due to respiratory, circulatory, neoplastic and digestive diseases were 

high (69).  The high rate of mortality due to circulatory diseases is somewhat surprising and it has been 

suggested that this may related to physical inactivity.  Overall, circulatory diseases accounted for 46% 

of deaths in adults with CP with a 2-4 fold increased risk of dying from ischaemic heart disease in those 

aged 35-55 years of age with CP compared to the general population.  Increased mortality from 

digestive diseases were predominantly due to diseases of the oesophagus and intestinal obstruction, 

which is unique to the CP population and accounted for 3% of adult deaths.  Cancer mortality may be 

due to delayed diagnosis or treatment; notably, death from breast cancer in women with CP was 3 

times more likely than a comparable age-matched group of the general population.  The caveat to this 

is that both these studies were based on death registry data which can be unreliable: in the second 

study, 7% had CP listed as their underlying cause of death.      
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Predictors of increased mortality include severity of motor impairment, cognitive impairment and 

associated impairments such as visual impairment and epilepsy (68, 70, 71).  In a large Swedish registry 

of CP patients, the motor type of CP also appeared to have an effect with tetraplegic and dyskinetic 

types associated with reduced survival compared to other CP types (hemiplegia, diplegia, ataxic types) 

(70).   

 

With the increased survival of children with cerebral palsy, there needs to be a streamlined transition 

process into adult models of care.  Adult physicians need to be aware of late onset secondary 

conditions associated with CP which contribute to the increased morbidity and mortality identified in 

adults with this condition.  Epidemiological studies have shown adults with CP particularly have a 

higher prevalence of osteoporosis and fracture, as well as cardiometabolic complications such as 

diabetes, hypertension and myocardial infarction compared with age matched adults (72-74).  

Concerningly, as these individuals age, many become dependent on assistive devices (75) and up to 

75% of individuals lose their ability to mobilise (76).  Preserving bone and muscle health to maintain 

mobility and independence is therefore critical in adult life.   

 

2.1.5 Classification 

To aid medical documentation and discussion about the limitations in function patients with cerebral 

palsy experience, there have been a number of classification systems developed.  These systems group 

individuals according to their functional and motor capacity as outlined below, which also allows 

standardisation for research purposes. 

 

Motor classification 
 
There is a wide spectrum of motor disability seen in cerebral palsy.  Broadly, it is  divided into spastic, 

dyskinetic, ataxic types or ‘mixed’ as described by the Reference and Training Manual for the 
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Surveillance of Cerebral Palsy in Europe (SCPE) (77).  Dyskinetic CP can be further classified into 

dystonia or choreoathetosis.  Topographic involvement of the limbs is also commonly used to describe 

the extent of motor impairment as tetraplegia, hemiplegia or diplegia.   

 

Spastic cerebral palsy is most common, seen in 70-80% of patients and is characterised by increased 

muscular tone and increased deep tendon reflexes.  In contrast, 10-20% of patients have dyskinetic 

CP and experience involuntary uncontrolled movements with variable muscle tone.  Ataxic CP is the 

least common and predominantly affects balance and co-ordination.   

 

The predominant motor type may point to a specific anatomical location to the cerebral injury and 

provide clues to the underlying aetiology.  For example, dyskinetic (athetoid) CP is associated with 

abnormalities of the basal ganglia and is caused by kernicterus from rhesus incompatibility.  

Tetraplegia and hemiplegia is predominantly associated with cortical abnormalities whereas diplegia 

(sparing of upper limbs) is usually associated with white matter changes (43).   

 

Functional classification  
 
Classification of CP into motor type and number of limbs involved does not provide complete insight 

into functional limitations.  This has led to the development of a functional classification system known 

as the Gross Motor Function Classification System (GMFCS) (78).  This is the most validated and widely 

used classification system in CP.   It allows an objective measure of gross motor function, particularly 

focused on the ability to sit and walk.  GMFCS levels I-III are ambulatory, whilst levels IV-V are severe 

and wheelchair bound (see Figure 1).  It has been shown that there is good agreement between carer 

reports and professional reports of GMFCS (79).  GMFCS is usually stable over time and level as 

assessed at age 12 reflects functional level as an adult (80).    
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Figure 1 - GMFCS for children between 12-18 years old, adapted from Royal Children’s 
Hospital Melbourne 
  

GMFCS E & R between 12th and 18th birthday:
Descriptors and illustrations

GMFCS Level V
Youth are transported in a manual wheelchair in all 
settings. Youth are limited in their ability to maintain 
antigravity head and trunk postures and control leg and 
arm movements. Self-mobility is severely limited, even 
with the use of assistive technology.

GMFCS Level IV
Youth use wheeled mobility in most settings. 
Physical assistance of 1–2 people is required for 
transfers. Indoors, youth may walk short distances 
with physical assistance, use wheeled mobility or 
a body support walker when positioned. They may 
operate a powered chair, otherwise are transported 
in a manual wheelchair. 

GMFCS Level III
Youth are capable of walking using a hand-held 
mobility device. Youth may climb stairs holding onto 
a railing with supervision or assistance. At school they 
may self-propel a manual wheelchair or use powered 
mobility. Outdoors and in the community youth are 
transported in a wheelchair or use powered mobility.

GMFCS Level II
Youth walk in most settings but environmental  
IDFWRUV�DQG�SHUVRQDO�FKRLFH�LQÁXHQFH�PRELOLW\�FKRLFHV��
At school or work they may require a hand held mobility 
device for safety and climb stairs holding onto a 
railing. Outdoors and in the community youth may  
use wheeled mobility when traveling long distances. 

GMFCS Level I
Youth walk at home, school, outdoors and in the 
community. Youth are able to climb curbs and stairs 
without physical assistance or a railing. They perform 
gross motor skills such as running and jumping but 
speed, balance and coordination are limited. 

GMFCS descriptors: Palisano et al. (1997) Dev Med Child Neurol 39:214–23 
CanChild: www.canchild.ca

Illustrations Version 2 © Bill Reid, Kate Willoughby, Adrienne Harvey and Kerr Graham,  
The Royal Children’s Hospital Melbourne ERC151050
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2.1.6 Musculoskeletal complications  
 
Scoliosis 
 
Scoliosis develops secondary to weak and imbalanced paraspinal muscles and therefore is not present 

at birth but presents later in childhood.  It often worsens with growth of the skeleton and is more 

commonly seen in those with poorer functional state (GMFCS IV and V) with rates up to 77% in adults 

with spastic quadriplegia (81).  The presence of scoliosis can affect an individual’s ability to sit upright.  

This has important implications for feeding with increased risk of gastric reflux and pulmonary 

infections, for wheelchair prescription, pain management and pressure care.  In extreme cases 

restriction in pulmonary function can occur.  Spinal fusion can reduce deformity but is associated with 

high complication rates in 40-80% of cases (81).    

 
Hip dysplasia 
 
Similar to scoliosis, hip dysplasia is not present at birth and develops secondary to spasticity or 

contractures due to weaker extensor and adductor muscles (82).   Furthermore, lack of ambulation 

contributes to abnormal development of the femoral head with femoral anteversion and coxa valga 

(83).  This affects growth of the hip, with subluxation and then dislocation of the femoral head if not 

appropriately monitored and treated.  Consequences include pain, difficulty sitting and limitations in 

mobility.  Incidence increases with worsening severity of GMFCS and is more common in those with 

spastic quadriplegia.   

 

There are hip surveillance programs in Australia and Sweden for children with cerebral palsy.  This 

allows for early identification and treatment of hip dysplasia which has reduced the incidence of hip 

dislocation in these countries (84, 85).  Treatment can involve soft tissue lengthening via adductor 

tendon release, or realignment through femoral and pelvic osteotomies. 

 

Spasticity and contractures 
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Spasticity occurs due to lack of descending inhibition of spinal tracts.  Contractures may result, 

although the development of contractures cannot entirely be explained by spasticity (86).  Common 

interventions to reduce spasticity include: 1. intrathecal baclofen (a muscle relaxant), 2. botulinum 

toxin A injections (botox) 3. selective dorsal rhizotomy where dorsal spinal rootlets are resected to 

reduce the spinal reflex (46). 

 

These musculoskeletal complications of CP reduce muscle strength and mobility, and can worsen over 

time.  Apart from their impact on bone health through the mechanostat theory, these musculoskeletal 

issues also can impede the measurement of bone quantity and the diagnosis of osteoporosis in adults 

with CP which will be covered in the next section. 
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2.2 Osteoporosis in cerebral palsy 
 
Osteoporosis and fractures are well-recognised medical issues faced by children and adolescents with 

CP.  Clinically, notable differences in this cohort in comparison to idiopathic osteoporosis in the 

general community include the young age of onset and the multiple risk factors for bone loss.   Risk 

factors that have been described include severity of the motor impairment, malnutrition, use of 

anticonvulsants and growth hormone deficiency (87-89).  

 

The prevalence of osteoporosis and fracture has been determined in children with CP, yet there is 

limited adult data and minimal longitudinal data.   With increased life expectancy, this information is 

necessary to assist in the timing and selection of patients for treatment.   Adults with CP are 

particularly vulnerable to osteoporosis and fracture due to their longer cumulative exposure to risk 

factors that lead to bone loss and declining bone mass with age (87).  Critical gaps in our understanding 

include: the relative contribution of poor bone accrual and bone loss to osteoporosis in adults with 

CP, ongoing risk of fracture in adults with CP, and the optimal method of diagnosing and monitoring 

bone health in adults with CP. 

 

2.2.1 Prevalence of osteoporosis in CP 

Previous reports of low BMD in children with CP range widely between 27 and 77% (90).  The broad 

range of values reflects differing methods of examining BMD and variability in the severity of CP in the 

cohorts examined.  Adult data on prevalence of osteoporosis in CP is limited.  In a large cohort of 435 

adults aged 40-60yo with CP in Michigan, up to 58% of adults with GMFCS IV-V and 40% with GMFCS 

I-III had documented osteopenia/osteoporosis (91). In a prospective study of 48 adults with CP aged 

25-46y, most of whom were ambulatory, 35% were found to have a Z-score of <-2.0 (92).  The 

prevalence of osteoporosis in these studies is concerning given the young age of the patients.   
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The three longitudinal studies of BMD in CP provide some insight into the aetiology of low bone mass 

in adults with CP (93-95).  In children, Z-scores declined with age over time despite absolute increases 

in BMD in the order of 2-5%/year, reflecting that bone accrual was less than that of healthy growing 

children.  In older individuals with CP, BMD changes are minimal with up to 5 years of follow-up.  

Overall, these studies suggest that osteoporosis in adults with CP is largely a consequence of poor 

bone accrual.  However, these studies predominantly used only two time points to assess longitudinal 

change, which is problematic when the yearly changes in BMD reported varied widely between -31% 

to 42%.   This wide range is likely secondary to positioning difficulties in the presence of contractures 

and motion artefact.   

 

2.2.2 Fracture rate and types 

Fracture diagnosis in CP can be missed due to communication barriers, sensory deficits and difficulty 

obtaining confirmatory imaging.  There have been a number of retrospective studies assessing 

fracture rate in CP, predominantly of non-ambulatory children reporting a fracture prevalence of 12%-

23% (96-98).   Despite the rate being similar to that of healthy children, these studies note that it is 

still significant as non-ambulatory children with CP are unlikely to experience the falls and injuries of 

typically developed children.   Fracture incidence has been described by two studies using the person-

years method and ranges from 2.7-4.5% in children with CP (96, 99).   

 

The type of fractures in children  vary in location and mechanism of injury in comparison to those seen 

in typically developed children.  Most occur in the long bones, particularly in the lower extremities, 

thus causing immobility and the potential for even greater bone loss.   Femoral fractures have been 

reported to occur without any documented trauma in up to 73% of cases (100) and are usually located 

in the distal femur (101).  Risk factors for fracture include recent surgery or immobilisation, 

anticonvulsant use, PEG feeding and low weight for age (90, 99, 101, 102). 
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It is unclear whether adults with CP have ongoing high fracture rates and whether they have the same 

types of fractures as children.  Fractures typically associated with osteoporosis (including neck of 

femur, vertebral or radial fractures) may become more prevalent in adults with CP as they age.  

Marciniak et al. described fractures in 8 of their 42 adult subjects with 3 of these fractures being spinal 

fractures (95).    A study using a private health insurance database of over 5,000 adult patients with 

CP showed an increase prevalence of fracture compared with age and gender matched adults without 

CP (6.3% vs 2.7%) (74).   When fractures were divided into location, there was a higher prevalence of 

fracture in adults with CP at all locations compared with matched adults, with most fractures occurring 

in the lower extremity although this was not assessed statistically.  
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2.3 Radiological assessment of bone fragility in CP 
 
2.3.1 Dual energy x-ray absorptiometry (DXA) 
 
In clinical practice, measurement of bone density is most commonly performed using DXA.  DXA is 

readily available, relatively inexpensive, and there is minimal radiation exposure with an effective dose 

of 0.3-0.4 msV for a whole body scan (103).  The coefficient of variation of DXA measurements are in 

the order of 0.5% at the lumbar spine and 0.7% at the femoral neck, allowing for accurate long-term 

monitoring of patients (104).  The sites that are routinely measured include the hip, spine and 33% 

radius as recommended by the ISCD (105).  In postmenopausal women, DXA has been shown to 

predict fracture risk.  The risk of hip fracture increases 2.6 times for every standard deviation reduction 

in femoral neck bone density (106).   BMD at the femoral neck is superior to measurements at the 

spine or radius in the prediction of hip fractures (106).  This has led to the widespread use of DXA for 

bone density measurement and its incorporation into algorithms such as FRAXÒ (107) to calculate an 

individual’s absolute risk of fracture. 

 

To extrapolate the use of DXA to predict fracture in CP patients comes with some caveats.  Firstly, 

aBMD is a 2-dimensional measure of a 3-dimensional structure and thus, can be affected by body size, 

which is particularly relevant in CP.  Shorter people will falsely be reported to have a lower BMD (108, 

109).  There is no consensus how to correct for body size, with various groups proposing calculations 

such as bone mineral apparent density (BMAD) or dividing BMD by height (110).  However, bone size 

may play an important role in bone strength and correcting BMD for size may reduce its usefulness in 

predicting fracture (111).  Indeed, studies have shown that areal bone density is non-inferior to 

calculated volumetric bone density for fracture prediction or measures of bone strength (112, 113).  

 

The utility of DXA in patients with CP is also limited by the musculoskeletal problems that arise in CP.  

Scoliosis at the spine and subsequent surgery to correct this may render the spine region of interest 



40	
	
	
	 	

uninterpretable.   Femoral neck measurements can be limited by hip dislocation or metallic rods and 

implants used to improve alignment of the hip.  Thus a technique of scanning the lateral distal femur 

using DXA has been developed for paediatric CP patients to circumvent these problems and take into 

account positioning difficulties from contractures (114).  The distal femur is also a common site of 

fracture in the paediatric CP population making it a logical site for BMD measurement. There are 

established reference ranges in children (115, 116), and correlation between Z-scores at the distal 

femur and fracture history in a mixed cohort of children with CP or muscular dystrophy (117) has been 

established.  For every 1.0 reduction in Z-score at the distal femur, the risk of fracture increases by 6-

15%.  The association between DXA-derived BMD and fracture in children with CP has also been 

described in two other studies (118, 119).  However, it needs to be noted that the relationship 

between fracture and BMD in the general paediatric population is not well established.   

 

In adults with CP, most studies assessing BMD have used the traditional regions of interest: the 

femoral neck, total hip and lumbar spine (92, 95, 120, 121).  BMD Z-scores have not been consistently 

used in these studies; however, the young age of the cohorts renders this crucial.  Low bone mass is 

defined as a Z-score of <-2.0, which equates to a BMD two standard deviations lower than the age- 

and sex-matched reference range.  Henderson et al., has reported the use of the lateral distal femur 

site on a preliminary series of 32 adults with CP (122).  Besides the reduced reproducibility of 

measurements reported by Henderson et al., the use of lateral distal femur readings in adults is limited 

by a lack of normative data and need for specialist training in the technique.  Given this, it may be 

more appropriate at present to use the hip and spine regions of interest for monitoring in adults with 

CP.  Treatment decisions based on BMD must be after careful consideration given that there is no 

clear relationship between fragility fracture and BMD that has been demonstrated in adults with CP.  

Low BMD  in CP is predominantly secondary to reduced physical activity; reduced physical activity may 

in turn lower the risk of falls and injuries leading to fractures.  
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There has been one study using a Lunar PIXI densitometer to assess BMD using DXA at the calcaneus 

and forearm of wheelchair-bound individuals, many of whom had CP.  However, this model of 

densitometer appears to be unavailable commercially at present, with heel ultrasound gaining 

prominence (see section 2.3.2 on ‘Other imaging modalities’). 

 

In summary, DXA is still the method of choice in assessment of bone density in CP, however, clinicians 

need to be aware of the limitations specific to this cohort.  Lateral distal femur measurements are 

ideal for assessing children, whilst proximal hip and spine measurements may be more appropriate 

for adults.  

 

Body composition measurement with DXA 

Besides measuring bone density, DXA is able to differentiate between bone, fat and lean tissue and 

thus enable the assessment of body composition.  DXA has been shown to correlate strongly with 

other techniques such as underwater weighing, total body potassium and MRI (123, 124).  

 

Assessment of body composition in CP is clinically important to guide optimal outcomes in feeding 

and exercise interventions. This may be particularly pertinent in view of the unexpected high mortality 

rate in adults with CP due to circulatory diseases (67, 69).  A potential contributing factor is the excess 

body fat seen in children and adults with CP, more so in those with a higher GMFCS (125-127).  Due 

to the growth restriction and reduced muscle mass in these patients, elevated body fat may not be 

clinically evident.   In children with CP, there has been a recent study utilising DXA that found that all 

children with a low BMI had adequate or excess body fat (125).  Distribution of body fat also appears 

altered in CP, with greater visceral and trunk adiposity, higher intra and intermuscular fat (127-129).  
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There are no validated adult CP-specific equations to estimate body fat using anthropometric 

measures and the common anthropometric measure of body composition, body mass index (BMI), is 

unable to distinguish fat from lean mass.   In adults with CP, measures of body fat using DXA have 

been shown to be highly correlated to body fat estimated through the doubly labelled water technique 

(130).   

 

2.3.2 Imaging of bone microarchitecture 

Bone density is only one facet of bone strength; bone geometry, bone microarchitecture, the degree 

of mineralisation and turnover also determine fracture risk (131, 132).  There are a number of 

modalities which can assess bone microarchitecture and geometry which are covered below. 

 

Quantitative Computed Tomography 

Quantitative Computed Tomography (QCT) is a cross-sectional imaging modality which can assess 

bone size and geometry.  Its resolution allows differentiation between trabecular and cortical 

compartments in bone.  QCT provides a true volumetric bone density, not affected by bone size.   In 

CP, it has been used to determine the relative contribution of bone density and bone size to fragility 

to allow interventions to be better targeted. 

 

The studies using either QCT or peripheral QCT (pQCT) in children with CP have shown conflicting 

results.  Two groups (total of 50 children) found volumetric density at either the spine (L3) or distal 

tibia was no different when compared with typical aged and sex matched children (133, 134).  They 

postulated that smaller bone size and reduced cortical thickness may therefore account for the 

reduction in areal BMD and fragility seen in CP.  However, Tasdemir et al. found the volumetric BMD 

(vBMD) of L1-L3 was significantly lower in 24 children with CP compared with 19 healthy age and sex-

matched controls, particularly those who were non-ambulant (135).  Overall, these studies suggest 
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that smaller bone size and reduced cortical thickness account for the main differences in bone density 

on DXA seen in children with CP.  However, true changes in density cannot be ruled out given there 

were differing sites of measurements between the studies and reduced study power due to the small 

number of participants.  The participants with CP in the study by Al Wren et al. had a tendency to a 

lower spine (L3) volumetric density but this did not reach statistical significance, furthermore, there 

appeared to be changes in distal tibial vBMD but no control group was available for comparison. 

 

Bone attenuation on CT images can also be used as a surrogate for bone density (136).  Moon et al. 

measured bone attenuation retrospectively from hip CT scans in 126 children/adolescents with CP 

and 86 controls (137).  Attenuation was lower in those with CP and was associated with both 

functional level and the degree of hip instability.  

 

High resolution MRI 

High resolution MRI is another imaging modality that can examine both trabecular and cortical 

envelopes in bone, with the advantage of not requiring ionising radiation.  Using high resolution MRI, 

Modlesky et al. have shown abnormal microarchitecture in the distal femur of non-ambulatory 

children with CP (138, 139).  Trabecular number and thickness were reduced whilst trabecular 

separation increased in children with CP compared with normal controls.  The deficits in bone 

microarchitecture were more marked the greater the distance from the growth plate. 

 

Cortical bone thickness and cortical bone cross sectional area can also be measured with MRI.  

Reduced cortical bone thickness and cross sectional area have been demonstrated at the femur and 

distal tibia in individuals with CP (140, 141).   
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These advanced imaging modalities are usually only found in research institutions limiting their use.  

In addition, the length of time required for acquisition of these scans and the precision required makes 

them susceptible to significant motion artefact.  Custom splints, inflatable stabilising cushions, and 

positioning subjects in a wheelchair have been techniques used to attempt to minimise movement of 

subjects with CP during scans (142).  

 

Trabecular bone score  

Trabecular bone score (TBS) can be derived retrospectively from a lumbar spine (LS) DXA image to 

estimate trabecular architecture.  It is not a direct measure; rather TBS is a textural index that 

examines pixel grey level variations in the LS image (143).  A dense trabecular structure has a large 

number of small amplitude pixel variations and corresponds to a high TBS.  Deteriorated bone 

microarchitecture has a small number of large amplitude variations and produces a low TBS (143, 144) 

 

In ex vivo studies, TBS correlates with trabecular number, connectivity, thickness and separation (145, 

146).  Low TBS is associated with hip fracture in postmenopausal women and men >50yo, and can be 

complimentary to the FRAXÒ risk assessment tool (147, 148).  Current ISCD guidelines propose that in 

postmenopausal women and older men, TBS can be used in association with BMD and FRAXÒ to guide 

treatment decisions, but should not be used alone (149).  There currently is no role for TBS in 

monitoring treatment.  

 

To date, no studies have investigated the use of TBS in CP to examine microarchitectural changes. The 

advantage of using TBS in CP is that no further imaging is required.  Furthermore, the issues with 

motion artefact with pQCT and MRI are not so pronounced.   
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2.3.3 Other imaging modalities 
 
Hand radiographs can be used to calculate metacarpal bone density, which is predominantly cortical 

bone.  With the advent of DXA, it fell out of popularity.  Hand radiographs may be easier to acquire 

than DXA in individuals with CP.  Metacarpal bone density in adults with CP has been shown to be 

negatively associated with use of anticonvulsant drugs and higher ALP levels (150).  However, the 

analysis of the radiographs used in this study is not routine and reference ranges are not available.  In 

recent times, the development of a computer assisted diagnosis technique known as digital x-ray 

radiogrammetry has sparked renewed interest in assessing bone density from hand radiographs.  Its 

utility appears to be greatest in the rheumatoid arthritis population where it is used to quantify 

periarticular osteoporosis associated with disease activity (151).  This has potential to be applied to 

the CP population, particularly in children where hand radiographs are often obtained to determine 

bone age. 

 
Heel ultrasound (HUS) is another method of examining bone quality, in this case without the need for 

ionising radiation.  Bone tissue can alter the speed and intensity of ultrasonic waves.  Measurements 

are expressed as speed of sound in metres per second (m/s) and broadband ultrasound attenuation 

(BUA) in decibels per megahertz (dB/MHz).  These measurements are then combined into scores 

known as the quantitative index (QUI) or heel stiffness index (SI).  These are not measurements of 

bone density per se but correlate with bone density and can predict fragility fracture in 

postmenopausal women and older men (152).  In the current ISCD guidelines, the main utility of HUS 

is to identify those at low risk of fracture who do not require further investigations (153).  It potentially 

can also be usedm, if DXA is unavailable, to identify high risk patients (in combination with clinical risk 

factors) who should commence treatment.   

 

In 67 subjects with CP ranging from 5 to 25 years of age, QUI was lowest in those with anticonvulsant 

use and history of long bone fracture compared with those without anticonvulsant use and fracture 
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(154).  In subjects with CP, the portable nature of HUS is attractive particularly in those who are non-

ambulatory and could be used as an initial screening tool. 

 

In summary, there have been multiple imaging modalities used in individuals with CP to assess bone 

density and bone microarchitectural changes.  DXA is the most readily available technique to assess 

bone density and can also provide additional information regarding body composition and bone 

microarchitecture.  Research based techniques such as QCT and MRI have shown reduced bone size, 

cortical thickness and abnormal bone microarchitecture contribute to the bone fragility seen in CP. 
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2.4 Bone turnover markers in CP 

Bone turnover markers (BTM) are divided into bone formation markers and bone resorption markers.  

They are either bone matrix components that are released during bone remodelling or are enzymes 

that reflect osteoblastic or osteoclastic activity (155).  Common bone formation markers include N-

terminal type 1 collagen extension peptide (P1NP), alkaline phosphatase (ALP) and osteocalcin.  Bone 

resorption markers include C-telopeptide (CTX), N-terminal cross-linking telopeptide of type I collagen 

(NTX-1) and deoxypyridinoline (DPD).  The most recognised use of BTM at present is for monitoring 

treatment responses in osteoporosis, or as an indication of possible secondary osteoporosis when 

particularly elevated.  Although higher BTM is associated with greater fracture risk in many studies 

(156), the role of BTM in assessment of individual fracture risk is not yet clear. 

 

Kim et al. found in adults with CP that the bone resorption marker CTX was abnormally elevated in 

74%, while the bone formation marker osteocalcin (OCN) was normal in 90% (121).  However, in 

another small cross-sectional study of 28 adults with CP, there was no difference in OCN and CTX 

between non-ambulatory and ambulatory adults, and the median OCN and CTX fell within the normal 

range for both groups (36).   

 

ALP is another commonly used surrogate marker of bone formation, although it is not specific to bone 

and is also produced by the liver.  In children with CP, ALP levels are within the normal range and does 

not differ according to ambulatory status (135).  Serum osteocalcin levels and ALP also did not 

correlate to BMD in a series of 139 children with CP (118).  With such conflicting results, it is difficult 

to draw conclusions from BTM measurements in CP. 
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2.5 Risk factors for skeletal fragility in CP 

To date, the main determinants identified for low bone mass in children with CP have been poor 

nutrition, reduced functional state, and use of anticonvulsants (88, 118).  Many of these risk factors 

continue into adulthood and cause a cumulative effect on bone health.  

 

2.5.1 Malnutrition 

Malnutrition may lead to low bone mass and fractures via a number of different mechanisms, 

including micronutrient deficiency, reduced skeletal muscle mass and fat mass, and increased risk of 

falls from muscle weakness. 

 

Malnutrition in cerebral palsy is predominantly caused by poor oropharyngeal function leading to 

inadequate caloric intake.  There is no evidence of increased energy expenditure except in individuals 

with athetoid type cerebral palsy with involuntary movements (157, 158).  It has been demonstrated 

through indirect calorimetry that individuals with cerebral palsy have reduced resting energy 

expenditure (159, 160). 

 

Gastrostomy has been increasingly used to address nutritional deficiencies in cerebral palsy.  There 

are no good quality randomised control trials to demonstrate benefit over oral feeding in cerebral 

palsy (161), however, there is evidence that body weight increases predominantly from fat deposition 

(162).  There is no increase in height and children with CP remain growth restricted.   

 

In children with CP, surrogate markers of nutritional state such as weight for age, triceps skinfold 

thickness, tube feeding, and caregiver reported feeding difficulties correlate with BMD Z-scores (88, 

89). Body mass index (BMI) is a common surrogate marker to assess nutritional state in adults and is 

calculated by weight divided by height2 (kg/m2).  BMI is used as a measure of adiposity and correlates 
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to fat mass and percent fat mass.  Yoon et al. in a study of 38 adults with CP found that BMI was 

positively correlated with T-scores of the lumbar spine and femur (120).   

 

2.5.2 Functional status 

Given the importance of mechanical loading in the maintenance of bone mass outlined in section 1.1, 

it is unsurprising therefore to see a correlation between ambulatory status and bone mass in patients 

with cerebral palsy.  In a stepwise regression analysis, Henderson et al. showed that GMFCS level 

correlated to BMD Z-scores at the distal femur and lumbar spine in children with CP (88).  In a study 

of 51 children with CP, non-walkers had lower BMD Z-scores (range -1.7 to -5.4) than walkers (-0.8 to 

-1.5) at both the distal femur and lumbar spine (163).  In addition, in a subgroup analysis of 22 children 

with hemiplegia, there was a statistically significant difference in Z-scores at the femur of the affected 

compared with the unaffected limb.   

 

In recent years, small studies in adults with CP have also shown the detrimental effect of decreased 

mobility on BMD (92, 120, 121) . In a cross-sectional study of 48 adults with CP (age range 25-46y), 

GMFCS correlated with Z-scores at the lumbar spine and total hip (92).  

 

2.5.3 Muscle-bone relationship 

The force exerted on bone from physical activity is not only through gravitational effects of loading 

but also from muscular contraction.  The muscle-bone relationship has been demonstrated in young 

women and men using DXA measures of lean mass and bone mass (164, 165).  Abnormalities of muscle 

in CP include reduced muscle volume, changes in muscle composition and strength.  Ambulatory and 

non-ambulatory children and young adults with CP have increased inter and intramuscular fat on MRI 

(128, 129, 166).  
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As muscle has positive effects on bone mass through signals derived from muscle contraction, there 

have been interest as to whether muscle contraction from spasticity is different to that seen in 

dyskinesia.  Kim et al. found lower femoral trochanter BMD Z-scores in adults with spastic CP 

compared with dyskinetic CP, although this was not seen at the femoral neck or lumbar spine (121).  

Another study found a trend to lower bone density in those with spastic CP compared with dyskinetic 

CP but this was not statistically significant (120). 

 

Furthermore, muscle strength may be more important than measures of muscle function.  Using 

stepwise regression, Chen et al. found that measures of muscle strength were more highly associated 

with distal femoral BMD and lumbar BMD than measures of muscle function in ambulatory children 

with CP (167). 

 

2.5.4 Falls  

Falls occur frequently in ambulant adults with CP, with one study showing 68% experience one or 

more falls within a 6 month period (168).  The rate of falls are alarming with 7/16 adults in another 

study falling more than 10 times a year (169).  Balance dysfunction appears to be the main contributor 

to falls risk in this cohort (169, 170).  This is consistent with its contribution to falls risk in other adults 

with chronic neurological disease such as multiple sclerosis and muscular dystrophy (171). 

 

Standardised screening tools to assess falls risk may not be appropriate in adults with CP as they are 

designed for much older cohorts with different comorbidities such as polypharmacy and incontinence 

(168).   There are currently no disability specific risk assessment tools, and falls have not yet been 

confirmed to be associated with increased fracture risk in this cohort. The reason for this may be that 

the mechanism of injury is different in this population. What is known however, is that a history of 

falls is associated with reduced quality of life and physical function (172).  
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In those whom are wheelchair bound, even less is known about the frequency of wheelchair related 

accidents.  In a mixed cohort of 577 wheelchair users, of which 9.3% had cerebral palsy, over half had 

fallen from their wheelchairs at least once (173).  This resulted in injury in 47.1% of cases, of which 

10.6% were fractures. 

 

2.5.5 Anticonvulsant use 

Epilepsy can affect up to 60% of patients with CP, and is more common in those with spastic 

tetraplegia (174-176).  Fractures occur between two to six times more frequently in patients with 

epilepsy than the general population (177).  Fractures occur secondary to trauma associated with 

seizures and falls, or as a result of lower BMD from anticonvulsant use and associated physical 

disabilities.  The pathophysiology of bone loss induced by anticonvulsant medication is not completely 

understood.  The most well characterised mechanism is induction of the hepatic cytochrome p450 

enzyme system which increases degradation of vitamin D.  This is seen with drugs such as 

carbamazepine and phenytoin. However, non-enzyme inducing antiepileptics are also associated with 

reduced bone density, with in vitro evidence that antiepileptics can have direct effects on osteoblasts, 

impair calcium absorption, reduce calcitonin levels and lead to resistance to parathyroid hormone 

(PTH) (178).   

 

Use of anticonvulsant medication is independently associated with lower BMD Z-scores in the distal 

femur in children with CP (88).  In those with CP and intellectual disability, BMD Z-score at the lumbar 

spine was lower in those who had epilepsy compared with those without (179).  However, after 

multivariate analysis, epilepsy was not an independent risk factor for BMD Z-scores.  The effect of 

anticonvulsants on BMD has not been consistently replicated in other studies, likely due to the 

heterogeneity of the anticonvulsants, use of varying DXA sites, and small number of participants.  (92, 

180, 181). 
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2.5.6 Hypogonadism 

Disturbances in gonadal function in both males and females reduce BMD and increase fracture risk 

(182-184).  Furthermore, gonadal steroids play a crucial role during puberty for accrual of peak bone 

mass, and altered pubertal development can have long lasting consequences on adult bone health 

(185).  Altered pubertal progression in CP has been demonstrated in a cross-sectional study of 207 

children with CP (186).  Caucasian girls with CP entered puberty earlier with earlier breast 

development, but menarche occurred later compared with population data.  Similarly, in boys with 

CP, pubic hair and genital development occurred earlier compared with population data, but 

completion of genital development occurred later.  Early breast development and pubic hair 

development was also noted in girls with neonatal encephalopathy, of whom a subset had CP (187).  

The effect of altered puberty on bone density was not reported in either study.  In addition, due to 

lack of longitudinal data it is unknown whether there are permanent adult deficits in gonadal function.   

 

Gonadal function in CP may be compromised by a number of factors.  Malnutrition can cause a 

functional hypothalamic hypogonadism such as that seen in anorexia nervosa (188).  Hypopituitarism 

has also been found in children with CP with some cases being associated with abnormal MRI findings 

(189).   

 

Identifying and treating hypogonadism in CP is complex in the context of disability.  Puberty is a 

challenging time for caregivers, with rapid growth and weight gain, psychosocial sexual development, 

and the onset of menstruation in girls (190).  For these reasons, caregivers may not raise concerns if 

there are no signs of pubertal progression in adolescents.   Furthermore, various methods have been 

used to try and prevent the outcomes of puberty, for example, progestin to induce therapeutic 

amenorrhoea (191, 192).  However, this practice leads to a hypo-oestrogenemic state which can 
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contribute to osteoporosis (193).   Controversially, high dose oestrogen with hysterectomy has also 

been used to stunt final growth but no follow-up on bone health (194). 

 

Despite this, adequate gonadal function is necessary for optimisation of bone health.  The dose 

required and method of replacement of gonadal steroids in CP to preserve bone health is yet to be 

determined, and clinicians need to be mindful of the implications of replacement seen from the 

caregiver’s perspective. 

 
2.5.7 Vitamin D 
 
Vitamin D plays an essential role in mineralisation of bone and the maintenance of calcium phosphate 

homeostasis.  It does this through the action of 1,25-dihydroxyvitamin D (1,25(OH)2D) on the vitamin 

D receptor in the kidneys, small intestine and bone.  Active 1,25(OH)2D is produced by hydroxylation 

of vitamin D by the liver and the kidneys through specific p450 enzymes.  The predominant source of 

vitamin D is through ultraviolet-B radiation acting on cholesterol in the skin to produce cholecalciferol 

(vitamin D3).  There are some foods with small amounts of vitamin D3 but dietary sources do not 

provide more than 5-10% of vitamin D requirements (195).   The optimum level of vitamin D for 

musculoskeletal health is not clearly defined.  Current Australian Guidelines for adults and children 

define adequate 25(OH) vitamin D levels as ⩾50nmol/L (195, 196).   

 

Severe vitamin D deficiency can lead to diseases of mineralisation of bone, specifically osteomalacia 

in adults and rickets in children.  Low vitamin D levels increase PTH through feedback loops, leading 

to accelerated bone loss.   

 

Vitamin D deficiency in cerebral palsy may occur for a number of reasons: poor sunlight exposure, 

inadequate dietary sources of vitamin D, and the effect of anticonvulsant medication that increase 

vitamin D metabolism.   The prevalence of vitamin D deficiency in CP is difficult to ascertain given the 
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varying definitions of deficiency in different countries and the change in definitions over time.  In 

Australian children with CP of varying degrees of severity, 34% were found to have 25(OH) vitamin D 

levels of <50nmol/L with no relationship to GMFCS or use of anticonvulsants (197).  Other studies of 

children have shown the prevalence of vitamin D deficiency to be anywhere between 33% to 53% (88, 

118, 180).   However, data regarding vitamin D levels in healthy children are lacking, so it is difficult to 

ascertain whether CP is an added risk for deficiency.  Of note, an estimated 31% of Australian adults 

have inadequate vitamin D levels (198) so it is likely many adults with CP will also have vitamin D 

deficiency.  Currently the only data available on vitamin D in adults with CP comes from Kim et al. who 

showed the mean 25(OH) vitamin D level in adults with spastic CP were higher than those with 

dyskinetic CP (33±13 nmol/L vs 23±11 nmol/L, p =0.027) suggesting that many would have been 

deficient (121). In a number of studies, Henderson and colleagues have shown that there is no 

relationship between vitamin D levels and bone mineral density in children with CP (88, 99, 118).  This 

finding has been confirmed by other groups, although very low levels (<25nmol/L) may be associated 

with a reduction in BMD and an increase in PTH levels with likely osteomalacia (163, 180). 

 

2.5.8 Growth hormone 

Growth hormone (GH) is the most important hormone for postnatal longitudinal bone growth (199).  

In adult life, GH has also been shown to have stimulatory effects on bone remodelling in a biphasic 

manner.  GH initially increases bone resorption with bone loss, followed by increased bone formation 

which leads to a net increase in bone mass after 12-18 months.   Its action in bone is mediated through 

direct effects of GH on its receptor and through endocrine and autocrine/paracrine production of 

insulin-like growth factor 1 (IGF-1) (199).  Treatment of both children and adults with GH deficiency 

using recombinant human GH has shown increases in BMD (200-203).  
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It is well known that children with CP have short stature. Malnutrition plays an important role in 

growth failure in CP, which can be partially ameliorated with percutaneous endoscopic gastrostomy 

(PEG) feeding (204-206).  However, Stevenson and colleagues found that linear growth worsened with 

age, independent of nutritional status.  Thus non-nutritional factors may also play a role, such as 

altered pubertal development, lack of weight bearing and neurological factors (207, 208).  Given the 

important role of GH/IGF-1 axis in normal longitudinal growth, it has been postulated that GH 

deficiency can contribute to growth failure in children with CP.   

 

Studies assessing the GH/IGF-1 axis in CP have used varying methods.    Low basal GH and abnormal 

responses to insulin tolerance testing and arginine plus L-dopa stimulation have been shown in 

children with CP (209, 210).   Furthermore, in a study of 30 children with CP ages 4.5-15 years of age, 

the average IGF-1 Z-score was -0.735±1.18 (211).   These findings are very different to those found in 

malnutrition where high basal GH levels and low IGF-1 levels are seen (212).  Coniglio and colleagues 

have thus suggested that it is possible that children with CP have anatomic or neurochemical 

abnormalities of the hypothalamic-pituitary axis resulting from the original neurological insult (209). 

Currently there is no data on whether GH deficiency continues into adulthood in CP.  

 

In summary, nutrition and function are key factors in determining bone health in children and 

adolescents with CP.  Gonadal function and growth hormone levels may also play a role but have not 

been fully elucidated.  In adults with CP, issues with nutrition and function are likely to continue and 

in fact worsen; the effect of these factors on bone health requires further exploration as they are 

potentially reversible.   
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2.6 Treatment of bone disease in CP 
 
Given the importance of nutrition and function on bone density in CP, both non-pharmacological 

and pharmacological approaches have been used to improve bone density.  Conducting randomised 

control trials and accurately measuring bone density changes in this population comes with unique 

challenges.  Most studies have low numbers of participants (n<50) and only have bone density as an 

end point rather than fracture risk.  

 

2.6.1 Exercise interventions 

The strong relationship between ambulatory state and bone density in CP has given rise to interest in 

improving muscle strength and mechanical loading in subjects with CP.  However, typical exercise 

regimens would not be suitable for patients with CP.  The interventions that have been studied in CP 

range from standing frames and vibrating platforms, to physiotherapy focusing on muscle strength.   

The skeleton is exposed to two main types of signals: few low-frequency large magnitude events, but 

many high frequency low magnitude signals (213).  Vibration platforms utilise low magnitude, high 

frequency strains to mimic the events that the skeleton is usually exposed to from muscle 

contractions.  Use of standing frames similarly would increase the low-frequency signals to the 

skeleton. 

 

The studies are all of less than 12 months duration and use differing measures of bone mass/quality 

making comparisons difficult (Table 1).  Overall, there appears to be a positive effect of these 

interventions on bone density, however, the interventions were not tolerated by many subjects and 

the results are conflicting as to whether femoral or lumbar bone density is most improved.  In addition, 

subjects need to be ambulatory or at least able to stand for 10 minutes assisted for these interventions 

to be applied. 
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2.6.2 Bisphosphonates 
	
Bisphosphonates are the mainstay of treatment of osteoporosis in postmenopausal women and older 

men.  Oral and intravenous (IV) bisphosphonates have been shown to improve bone density as well 

as reduce vertebral and non-vertebral fractures in large trials of postmenopausal women and men 

(156, 221, 222).  Bisphosphonates have a high affinity for bone due to their ability to bind to 

hydroxyapatite crystals.  They are preferentially incorporated into sites of high bone remodelling and 

inhibit bone resorption through inhibiting the breakdown of hydroxyapatite (159).   

 

There are two main classes of bisphosphonates: the first generation non-nitrogen containing and the 

newer nitrogen containing bisphosphonates.  The newer generation bisphosphonates promote 

osteoclast apoptosis through inhibition of the farnesyl pyrophosphate synthase enzyme in the 

mevalonic acid pathway involved in the production of lipids and cholesterol (160).  Consequently the 

modification of guanosine triphosphate binding proteins which are critical for osteoclast cellular 

activities is inhibited (157). 

 

There have been a number of studies using bisphosphonates in children with cerebral palsy (Table 2).  

Only two of these studies were randomised control trials (RCT), one using IV pamidronate in 12 

subjects and the other using oral risedronate in 20 subjects, both showing significant improvements 

in BMD (223, 224).  Another RCT performed by Iwasaki et al did not provide adequate statistical 

analysis to interpret the effect of bisphosphonates on BMD (225).  When combined with the 

observational studies, there appears to be a positive effect of bisphosphonates on BMD in CP.   
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Fracture data is sparse, with one follow-up study of 25 children showing a reduction in fracture rate 

post pamidronate treatment (233).  However, it is not clear whether these children would have 

continued to experience fractures given limited epidemiological data regarding fracture incidence in 

children with CP. 

 

The tolerability of bisphosphonates in this population must also be taken into account.  As many 

patients with CP have gastrointestinal issues, or require PEG feeding, IV rather than oral 

bisphosphonates are an attractive option.   The two available IV bisphosphonates are pamidronate 

and zoledronic acid (ZA).  ZA is more potent and has a longer half-life than pamidronate, allowing for 

yearly dosing which is beneficial for patients with poor mobility.   Furthermore, long term suppression 

of BTM and changes in BMD after one dose of ZA can be seen for up to 5 years (234).   

 

ZA has been used in two studies of children with various neuromuscular disabilities including CP and 

was shown to improve BMD and be non-inferior to pamidronate (226, 230).  A recent published 

retrospective review of young patients (median age 12 years) receiving ZA demonstrated that it was 

generally well tolerated (235).  This included 7 patients with cerebral palsy.  The most common 

adverse events were hypophosphataemia in 25%, acute phase reaction in 19% and hypocalcaemia in 

16% of patients.  However, there has been a case report of a severe acute phase reaction to ZA in a 

child with CP (236) and a case of febrile seizures secondary to zoledronic acid administration in a child 

with CP (237).  There is insufficient data regarding the long term safety of bisphosphonate use on 

growing bone; reassuringly there have been two small studies (n<150) that suggest growth continues 

as expected in bisphosphonate treated children with osteogenesis imperfecta and osteoporosis (238, 

239).   
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In summary, bisphosphonates are likely to improve BMD and reduce fracture risk in individuals with 

CP.  Side effects however may be significant and must be considered when prescribing this to a 

population with difficulty communicating physical symptoms.  

 

2.6.3 Other pharmacotherapy 
 
There have been two studies examining the effect of supplementation with vitamin D on BMD in 

children with CP.  An activated form of vitamin D, alfacalcidol, given as monotherapy to children with 

CP at a dose of 0.03ug/kg/day resulted in a statistically significant change in BMD at the lumbar spine 

(224).   However, the absolute change in BMD of 0.01g/cm2 (+3.8%) may fall within the range of the 

least significant change of the DXA scanner, which was not reported by the authors.   Follow up of 

these patients was reported at the 3 year mark and there was no effect of alfacalcidol on BMD (225).   

A combination of calcitriol 0.25ug daily and 500mg calcium daily was shown to increase BMD at the 

lumbar spine in children with CP and epilepsy, compared with a reduction in BMD in those who were 

only observed (240).  Baseline levels of calcium or vitamin D were not measured in either study.   

 

In other institutionalised populations, intermittent dosing of vitamin D is convenient and has been 

shown to safely increase levels (241).  Similarly, there has been one study using a once-off dose of 

100,000 IU of vitamin D3 in children with CP with no adverse effects on calcium levels (242).   

 

With the evidence available, vitamin D supplementation in patients with CP to achieve the 

recommended target of ⩾50nmol/L is sufficient.  There is no clear role for vitamin D alone in the 

treatment of osteoporosis. Target levels can be achieved with daily or intermittent dosing(195). 

 

Denosumab has been administered to 10 children with significant suppression of bone turnover 

markers CTX and OCN 3 months after one dose (243).  There has been no follow up reported and no 
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bone density data available.  The use of denosumab in children and young adults needs to be 

approached with caution given its effects are rapidly reversed with cessation of the medication (244).  

A rebound increase in bone turnover following cessation may result in severe hypercalcaemia in 

children (245) and multiple spontaneous vertebral fractures in adults (246, 247). As a result of the 

increased risk of vertebral fractures following denosumab cessation, current guidelines recommend a 

replacement drug (typically a bisphosphonate) to prevent bone loss and vertebral fracture after 

denosumab is stopped (248). The optimal choice of bisphosphonate to replace denosumab is not 

known. Further work is needed to elucidate optimal therapy following denosumab cessation as well 

as the role of denosumab in osteoporosis in young adults. 

 

There has been one interventional study of 10 children with CP who were randomised to GH treatment 

or placebo over 18 months (249).  GH-treated patients had statistically significant improvements in 

spinal BMD and linear growth compared with controls.  Further larger studies are required to 

determine whether human recombinant GH should be used in CP for its positive effects on growth 

and bone density. 

 

In conclusion, bisphosphonates have the most evidence of all the therapies to increase BMD in 

children with CP.   Bisphosphonates are likely to also be effective in adults with CP, given that its use 

in reducing fracture risk in postmenopausal women and older men is well documented.   However, 

the appropriate timing of bisphosphonate use and duration of use is still unclear at present.  	  
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3. Spina bifida 
 
Spina bifida (SB) or meningomyelocele is a term that describes a subset of neural tube defects (NTD).  

NTD refer to congenital defects of the central nervous system where the neural tube fails to close 

during embryogenesis leading to exposure of the nervous system.  Spina bifida is when there is 

involvement of the spinal cord, whilst anencephaly is exposure of the brain and craniorachischisis is 

exposure of the entire nervous system.  The latter two are incompatible with life.  

 

3.1.1 Diagnosis 

Currently, the diagnosis of SB is usually made prenatally.  Initially screening was performed with α-

fetoprotein levels in maternal serum (250), however, the diagnosis is now often made during second 

trimester ultrasonography.  Ultrasound can detect more than 90% of foetuses with SB (251).    

 

3.1.2 Pathogenesis 

In the embryo, the neural tube is the structure that develops into the spinal cord and brain.  Formation 

of the neural tube begins with a process called primary neurulation which involves enlargement, 

shaping, folding and fusion of the neural plate. As the neural tube develops into a spinal cord, bone 

and muscle form a protective barrier around it.   The more caudal elements of the spinal cord are 

formed by a process called secondary neurulation.   

 

SB occurs from a defect in primary neurulation, and as a result bone and muscle are unable to grow 

over the developing spinal cord.  Spinal cord and meninges then protrude through the defect with 

leakage of cerebrospinal fluid.  This is in contrast to closed neural tube defects otherwise known as 

meningoceles which result from abnormalities in secondary neurulation.  Often there is no abnormal 

neurology as the spinal cord resides in the spinal canal and only the meninges herniate out. 
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3.1.3 Epidemiology 
 
The prevalence of SB varies between geographical location and ethnicity with rates of 0.20-2.92/1000 

births reported (252).  However, these figures can be distorted by pregnancy termination from 

antenatal screening.  A large European registry, EUROCAT, includes data on terminations, stillbirth and 

livebirths and found the prevalence to be 0.51 per 1000 births during 2003-2007 (253). 

 

Established risk factors for SB are family history, low maternal folate intake, maternal diabetes and 

the anticonvulsant drugs valproic acid and carbamazepine (252).   

 

There is a 20-50 fold increased risk of neural tube defects in siblings of affected subjects compared 

with the general population (254).  The genetic basis is complex given that more than 240 genes are 

required for neural tube closure in mice (255).  In some of these genes, mutations have been found in 

human orthologues in patients with NTD (251).  Interestingly, variants of genes involved in folate-

homocysteine metabolism have also been associated with NTD (252), providing evidence for gene-

environment interaction in this complex disease. 

 

Folate supplementation has been shown to reduce the risk of NTD by up to 70% in randomised control 

trials (256, 257).  The mechanism by which folate deficiency leads to NTD is unclear and may relate to 

the importance of folate in several metabolic pathways.  Of note, besides altered folate metabolism 

through maternal dietary insufficiency and mutations in the pathway, there is also evidence that 

maternal autoantibodies against the folate receptor may be pathogenic in some cases of NTD (258). 

 

3.1.4 Life expectancy 
 
There are two prospective longitudinal studies that provide insight into the long-term prognosis in SB.  

The most complete study has 50-year longitudinal data from an original cohort of 117 infants born 
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with spina bifida between 1963 and 1971 (259).  All of the 117 subjects were accounted for with the 

mean age of survivors being 46 years (range 43-49 years). Two-thirds of the cohort had died and the 

most common causes of death were cardiorespiratory, neurological and urological.  Those with a 

neurological sensory level of L2 or below had significantly better survival (55%) than those with a 

sensory level of L1 or above (12%).  From this cohort, the estimated mortality rate for those between 

age 5 and 30 was approximately 1% per year.  Results from the 25 year follow-up of another cohort 

of infants born at a similar time showed that the death rate increases as age increases into early 

adulthood (260).  The most common cause of death in adulthood in this cohort was unrecognised 

shunt malfunction, but this may reflect the recruitment of subjects from a neurosurgical clinic.  24% 

of the cohort had died during the 25 year follow-up.  Although mortality was not compared to the 

general population in either of these studies, it is clear life expectancy is still significantly reduced in 

people with SB. 

 

Over time, there have been improvements in survival in infants with SB.  In a population based registry, 

82.7% infants with SB survived to age 1 if born between 1979-1983 compared with 91% survival if 

born between 1989-1994 (261).   It is unknown if these reduced mortality rates continue through to 

childhood and late adulthood. 

 

3.1.5 Classification 

There are a number of different classification scales for ambulation in SB but one of the most 

commonly used is the Hoffer ambulation scale (262).  It grades ambulation into four functional levels: 

1. community ambulator: walk indoors and outdoors, can use crutches/braces.  Wheelchair only 

used for long trips in community 

2. household ambulators: walk only indoors and with apparatus 

3. non-functional ambulators: walk only during therapy, in school or in hospital 
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4. non-ambulators: wheelchair bound but can transfer independently 

 
Spinal classification  
 
Neurological level in SB is usually documented as the lowest motor level capable of antigravity 

function (263).  Thus, thoracic patients have flaccid lower limbs, L1/2 have hip flexors, L3 knee 

extensors, L4 knee flexors and L5 ankle dorsiflexors.  Patients are often then divided into 

thoracic/upper lumbar, mid lumbar (L3-4) and lumbosacral (L5-S1) although this is not a formal 

classification method.  

 

Of note, the spinal level determined on imaging may not always reflect functional level (264) so is not 

commonly used as a classification method in the literature.  However, motor level may also not reflect 

ambulatory status as this also is dependent on factors such as weight, spasticity and balance 

dysfunction (265).  

 

3.1.6 Complications of spina bifida 

Hydrocephalus and Chiari II malformation 
 
The open neural tube leads to poor distension of the embryonic ventricular system and is thought to 

be responsible for the Chiari II malformation which is seen in most cases of myelomeningocele (266).  

The Chiari II malformation involves changes to the skull, cerebral hemispheres and the posterior fossa.  

One of the consequences of this is hydrocephalus due to the displacement of the brainstem 

downwards with blockage of cerebrospinal fluid (CSF).   

 

The presence and severity of the Chiari II malformation with associated hydrocephalus determines 

the outcome for patients with SB (260, 267).  Traditionally, hydrocephalus has been treated with a 

ventriculo-peritoneal (VP) shunt, however, there are now alternatives such as endoscopic third 
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ventriculostomy, conservative management of stable hydrocephalus, and prevention through 

prenatal surgical closure of the myelomeningocele (268, 269).  

 
Neurogenic bladder and bowel 
 
The level of the neurological lesion in spina bifida does not correlate with bladder and bowel function 

(17).   Bowel continence is crucial for quality of life in those with SB.  On the other hand, the 

management outcomes for neurogenic bladder are twofold: 1) to preserve renal function and 2) to 

achieve urinary continence.  In the context of bone health, the preservation of renal function is critical 

in individuals with SB to avoid chronic kidney disease mineral and bone disorder (CKD-MBD) 

compounding low bone mass seen in this condition. 

 

Patients with SB can either have an overactive sphincter with high bladder pressures or low sphincter 

resistance and are at risk of incontinence. High pressures can lead to hydronephrosis and is often 

treated with clean intermittent catheterisation (CIC) and anticholinergic medication such as 

oxybutynin.  More recently, injections of botulinum toxin (Botox) into the bladder musculature can 

also be used to reduce pressures but need to be repeated due to its temporary nature (13).  In those 

who cannot achieve continence with CIC and medication (30-50%), bladder augmentation using a 

piece of intestinal tract allows the bladder to store large amounts of urine.   

 

In those with low sphincter resistance, bladder neck procedures to improve continence include 

creation of slings and artificial sphincters. 

 

CIC can be difficult to perform when the patient’s mobility is affected, and creation of a catheterisable 

channel using the appendix (Mitrofanoff) or ileum (Yang Monti) is performed (16).  In a similar fashion, 

a catherisable channel can be created to the caecum to allow an enema to be administered (called a 
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MACE procedure).  This improves faecal incontinence by allowing regular bowel evacuation if more 

conservative measures such as suppositories, laxatives and dietary changes fail.   

 

Musculoskeletal 

Individuals with SB can also develop hip dislocation and scoliosis from muscle imbalance similar to 

that seen in CP (see section 2.1.6). However, the sequelae of hip dislocation is different in spina bifida 

as these individuals do not experience pain.  Reviews have shown that surgery to relocate the hip 

generally does not improve ambulation, and guidelines suggest surgery only be performed in 

unilateral hip dislocation in those with a neurological level of L4 or below (18).  Function is more 

associated with range of motion at the hip which may be achieved through contracture release (19). 

 

Similarly, treatment of scoliosis has not shown to improve ambulatory function or health related 

quality of life and may have a variable effect on sitting balance (5, 18, 270). 
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3.2 Osteoporosis in Spina Bifida 
 
3.2.1 Prevalence 
 
There are very few studies documenting prevalence of osteoporosis in SB.  In a prospective study of 

24 children, half of which were ambulatory, osteoporosis was found in 42.9% as defined by a Z-score 

of -2.5 or below (271).  A higher prevalence of 64.9% (defined as a Z-score <-2) was found in a 

retrospective study of children with SB (272).  However, these children were selected to have DXA 

scans for clinical reasons such as fracture, immobility etc. 

 

There is only one study in 21 adults (mean age of 30 years) who were recruited from a rehabilitation 

service (273).  Using a T-score of <-2.5 for the diagnosis of osteoporosis, 33% had osteoporosis in at 

least one of the measured sites being the L1 vertebrae, femoral neck or trochanter.  The L1 vertebral 

site was chosen as L2-L4 is often involved in spina bifida; the missing posterior element of the vertebra 

can lower the BMD value.  The reason for the use of the trochanter site was not stated in the study.  

Given the young age of subjects in these studies, these prevalence rates are significantly higher than 

that of the general population. 

 

3.2.2 Fracture rates and types 

Fractures are common in children with SB with a prevalence of up to 30%, and the most common 

fracture site being the distal femur (274-276).  In particular, fracture diagnosis can be delayed in SB 

due to the associated sensory deficits, and patients may be instead investigated for infection or 

thrombosis as a cause of limb swelling (277).  Increased fracture rates are seen in those who have 

already fractured, and in those with reduced mobility, including those who are acutely immobilised 

following surgery (278, 279).  
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Fracture risk in SB may be attenuated in adulthood, with one study showing a decline in annual 

incidence of fracture from 29/1000 patient years in adolescence to 18/1000 patient years in adulthood 

(280).  There appeared to be no difference in fracture sites between children, adolescents and adults.  

This appears to be at odds with the results of another study of individuals with varying developmental 

disabilities, where femoral fractures were inversely associated with age but strongly associated with 

reduced mobility (281). 
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3.3 Radiological assessment of bone fragility in SB 

3.3.1 Dual energy x-ray absorptiometry 
 
The limitations of traditional DXA scanning seen in patients with CP are also present in the SB 

population.  Patients with SB have growth restriction which may affect the measurement of bone 

density in 2 dimensions, can have metal implants from orthopaedic operations, and likewise have 

positioning difficulties due to scoliosis, contractures and hip dislocation.  To circumvent these issues, 

the distal lateral femur has also been used as an alternative site in children with SB (272, 282).  Both 

studies did not have sufficient power to demonstrate a relationship between fracture and BMD at the 

distal lateral femur.  However, Haas et al. found ambulatory status and neurological level was 

associated with BMD in univariate but not multivariate analysis. 

 

Furthermore, the absence of posterior elements in the vertebrae of SB patients can lower the BMD of 

the lumbar spine (283).  Some groups have thus used the bone density of the L1 vertebra only, as this 

is rarely involved in a small number of patients with high level lesions (273, 284).    

 

3.3.2 Other imaging modalities 

Single photon absorptiometry has been used in older studies for the assessment of BMD in SB (285, 

286).  This technique has been largely superseded by the advent of DXA as it can only measure 

peripheral sites such as the radius or tibia which needed to be submerged under water.  Single photon 

absorptimetry measurements of BMD are highly correlated to DXA measures at the same site. 

 

There have been no studies using QCT, pqCT or MRI in subjects with SB.  Horenstein et al. have used 

a novel technique of assessing bone quality by obtaining CT images of the entire length of the tibia 

(287).  They were able to demonstrate in non-ambulatory children with SB the greatest deficit in bone 
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mass was seen in the proximal and distal tibial epiphysis, common sites of fracture in the SB 

population.   

 

3.4 Bone turnover markers in SB 
 
A matched case control study of 28 children with SB and 58 controls found lower ALP levels (187 vs 

237U/L) and lower PTH levels (14.5 vs 18.4pg/ml) in SB children despite lower 25(OH) vitamin D levels 

(22.2 vs 26.4ng/ml)  (288).  Similarly, Kafadar et al. found lower urinary DPD levels (a marker of bone 

resorption) in SB children compared with controls (289) .  This would be suggestive of low bone 

turnover but needs to be validated in further studies. 
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3.5 Risk factors for bone fragility in SB 
 
Risk factors for low bone mass or fractures in SB are similar to those seen in CP with some important 

caveats.  Lack of mobility, use of anticonvulsants and vitamin D deficiency are common risk factors 

seen in SB and CP.  However, malnutrition and requirement for supplemental feeding is uncommon 

in SB.  Conversely, obesity and its related complications are highly prevalent in children and adults 

with SB (290-292).   In addition, a number of patients with SB may undergo urological intervention 

with intestinal segments for neuropathic bladder.  This may result in reduced bone mass which is 

covered in the next section.   

 

There have been a number of small studies in mostly children and adolescents examining the 

relationship between these risk factors and bone density (Table 3).  Most conclude unsurprisingly that 

immobility has a detrimental effect on bone density.   This is not only at weightbearing sites such as 

the femoral neck or distal femur (271, 272), but also at the lumbar spine (289, 293).  Neurological 

level, which is associated with mobility level has also been shown to correlate with bone density in 

some studies.  However, a clear relationship between fracture risk and bone density has not been 

defined. 
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Akbar et al (278) 

Valtonen et al (273 ) 

Kafada et al (289)  

Ausili et al  (293) 

M
artinelli et al (284)  

Rosenstein et al (286) 

Szalay et al (272 ) 

H
aas et al (282) 

Q
uan et al (285) 

O
kurow

ska -Zaw
ada et al 

(294)  

Apkon et al  (271)  

Study 

Table 3 – Risk factors for low
 BM

D
 in spina bifida 

29 children 

21 adults (20-46)  

31 patients (4-18)  

60 patients (5-14)  

49 patients (5-20)  

80 patients (1.3- 21.7yrs) 

37 children (4-22) 

44 children 
 (6-18yrs) 

35 children (6- 19 yrs) 

30 children (6-17yrs) 

24 children (4-18yrs) 

N
 (age) 

DXA fem
oral neck  

DXA L1 vertebra, L hip  

DXA lum
bar spine L1-4, fem

oral neck  

DXA fem
oral neck, lum

bar spine  

DXA of L1 vertebra 

Single photo absorptiom
etry of tibia and 

distal radius  

DXA distal lateral fem
ur, lum

bar spine  

DXA of distal lateral fem
ur and lum

bar 
spine 

Single photon absorptiom
etry distal 

radius  

DXA lum
bar spine,  total body  

DXA fem
oral neck, w

hole body  

Im
aging m

odality and site 

√Am
bulatory status 

√neurological level 
 ×Am

bulatory status 
 √Am

bulatory status (LS) 
 √Am

bulatory status (LS)  
√ sport activity (LS, FN

) 

√Am
bulatory status 

√Am
bulatory status 

√neurological level  
× fracture  
 √Am

bulatory status (fem
ur) 

 √Am
bulatory status 

√neurological level 
× fracture 
× bladder augm

entation  
× Tanner stage 

×Am
bulatory status 

√ fracture 

√ fracture 

√Am
bulatory status 

× fracture 

Risk factors identified 
√ positive correlation, X no correlation 
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3.5.1 Urological intervention 
 
Urological intervention with intestinal segments can result in a hyperchloremic metabolic acidosis 

from reabsorption of urinary ammonium with chloride through the intestinal mucosa (295).  To buffer 

the chronic acidosis, calcium carbonate is released from bone which can lead to bone demineralisation 

with increased risk of stones.  In animal studies, chronic metabolic acidosis also suppresses bone-

specific matrix protein synthesis and alkaline phosphatase activity in osteoblasts whilst activating 

osteoclasts through increased RANKL production (296, 297). It is unclear whether this is clinically 

significant with some studies showing no difference in serum pH and bicarbonate post urinary surgery 

(298, 299).  However, the buffering from bone may conceal the metabolic acidosis and thus not show 

up on biochemical analyses.  

 

There are no long term data to support the association between urological intervention (with 

intestinal segments) and an increased fracture risk or changes in bone histomorphometry (300, 301).   

Studies are conflicting as to whether BMD is reduced being limited by their retrospective nature and 

small study numbers (302-305).  The diverse underlying reasons for the urological intervention can 

also lead to significant bias, as patients with SB have multiple risk factors for low BMD compared with 

patients with bladder exstrophy.   

 

3.5.2 Renal stones 

The association between urolithiasis and reduced bone density has been documented in large 

epidemiological studies and is thought to be due urinary losses of calcium (306, 307).  In SB, urolithiasis 

is more prevalent than the general population with rates between 4 and 20% (308-310).  Given the 

potential for hypercalciuria in patients with urological intervention as outlined earlier, it is important 

to know the composition of these stones.  If these stones are indeed calcium based, it would support 
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the hypothesis that subjects who have had urological intervention can develop hypercalciuria leading 

to both bone loss and stone formation. 

 

Confounding this is that bladder stones account for 50-90% of cases in these series of SB patients.  The 

pathogenesis of bladder stones differs to that of upper tract stones as they are predominantly caused 

by urinary stasis from intestinal reservoirs/neuropathic bladder or recurrent urinary tract infections.   

Furthermore, indwelling catheters have been found to be a risk factor for upper tract stones in SB.  

 

There have been small case series describing stone type and urinalysis in patients with SB.  In one 

study, 10 of 14 patients with bladder stones had struvite stones or mixed struvite/carbonate apatite 

stones, and four patients had urinalysis showing hypercalciuria in only one (309).   In the same study, 

16 patients had upper tract stones, 2 of which had stone composition showing struvite stones.  

Urinalysis in two patients with upper tract stones demonstrated hypercalciuria and hypocitraturia 

respectively.  In a retrospective review of 40 patients who had undergone augmentation cystoplasty 

in SB, a decrease rather than increase in serum chloride was associated with stone development (22).   

 

In an paediatric cohort of SB patients, Quan et al. found non-ambulatory children had a higher mean 

urinary calcium excretion of 3.9mg/kg/day compared with ambulatory children (1.9mg/kg/day) (285).  

They did not comment on whether urological intervention had been performed or whether renal 

stones were present, however these values border on hypercalciuria in healthy children and 

adolescents (311).  

 

Looking at the data as a whole, there is no compelling evidence that urological intervention with 

intestinal segments plays a major role in bone disease in SB.  Those who have had such interventions 
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can be screened with urinalysis and further investigations undertaken if significant hypercalciuria is 

found. 

 

3.5.3 Renal impairment 

Renal impairment is a major cause of mortality in adults with SB, along with infection, neurological 

and cardiorespiratory causes (259, 312, 313).  It occurs predominantly due to inadequate treatment 

of a neurogenic bladder.  High pressures in the bladder due to detrusor overactivity and sphincter 

dysfunction can lead to pressure on the kidneys.  Recurrent urinary tract infections and  urolithiasis 

can contribute to worsening renal impairment (314).   

 

The prevalence of renal impairment in adults with SB was 25.7% in a recent systematic review of 13 

studies comprising 1128 patients (74).    This figure may be an underestimate of the true extent of the 

issue in SB due to survival bias.  A subset of these studies described the stage of chronic kidney disease, 

with 1.3% on dialysis (CKD stage 5).    The prognosis of SB patients with renal impairment appear no 

different to that of patients with renal impairment secondary to other causes (149, 315). 

 

Renal impairment leads to bone metabolism abnormalities through a complex interplay of factors 

including secondary hyperparathyroidism, impaired hydroxylation of vitamin D, metabolic acidosis, 

and resistance to PTH and fibroblast growth factor 23 (FGF-23) (316).  Collectively the abnormalities 

are described as chronic kidney disease mineral and bone disorder (CKD-MBD). CKD increases the risk 

of hip fracture 4-fold and mortality and morbidity after a fracture is considerably higher than that of 

the general population (21, 72, 73).  There have been no studies looking at the effect of CKD on 

fracture risk or bone density in either children or adults with SB.   
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3.5.4 Endocrine dysfunction 

Precocious/early puberty is common in patients with spina bifida who have hydrocephalus, with 

reported rates of 10-50% (317, 318). It is more frequently seen in girls than boys with SB which mirrors 

the prevalence in the general population (319). Precocious puberty leads to early bone maturation 

and shorter final height, with apparent higher bone mass for chronological age but no difference if 

adjusted for bone age.  (320-322).  After treatment with gonadotrophin releasing hormone agonists, 

studies have shown inconsistent effects on bone density (322-324).   Currently there is no data 

describing the effects of precocious or early puberty on bone health in SB.  Hypogonadism appears to 

be uncommon in SB with only a few cases of male hypogonadism described in the literature (325, 

326).  The cases varied from adolescents to adults, and a subset had gonadotropin levels consistent 

with hypergonadtrophic hypogonadism i.e. primary gonadal failure. 
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3.6 Treatment of bone disease in SB 
 
3.6.1 Pharmacological treatment 
 
The role of specific bone-preservation therapy in SB patients is currently unclear.  There have only 

been two children with SB who have received bisphosphonates in case series of children who received 

treatment for osteoporosis of varying causes (155, 327).  Treatment in these cohorts were well 

tolerated but there was insufficient power to comment on fracture prevention and BMD changes.    

 

Quan et al. conducted a randomised placebo controlled trial of hydrochlorothiazide (328) based on 

their earlier finding of hypercalciuria in non-ambulatory children with SB (285).  Urinary calcium 

reduced but bone density did not improve after one year of 12.5mg (patient weight <25kg) or 25mg 

(patient weight >25kg) of hydrochlorothiazide.   

 

Further research is needed into whether bisphosphonates or other bone-preservation therapies are 

efficacious in both the paediatric and adult population with SB. 

 
 
3.6.2 Exercise interventions 
 
All studies to date examining exercise interventions are retrospective case control studies.  Children 

with SB who are seen in institutions that encourage mobility with walking frames and orthoses, have 

been compared with those that are encouraged to use a wheelchair for independence (329) (330).  

These two studies found conflicting findings about the role of walking on reducing fracture risk, and 

neither had bone density data. 
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4. Aims and Objectives of thesis 
 

Bone disease is emerging as a major co-morbidity in adults with CP and SB as their life expectancy 

improves.  Low bone density and increased fracture risk has been well documented in children with 

these conditions and is primarily a result of immobility.  However, the natural history of bone disease 

in these conditions in adulthood is incompletely understood due to the paucity of data on fracture 

prevalence in adults and longitudinal clinical and bone mineral density data.   

 

The following hypotheses were formulated: 

1. Reduced BMD in CP and SB is due to multiple factors beginning from childhood.  The use of 

DXA at traditional sites such as femoral neck and lumbar spine have their limitations 

particularly in children, but may be more clinically relevant in the adult cohort and are more 

readily available.  

2. The relationship between skeletal muscle and bone mass is paramount in chronic neurological 

disease and therefore interventions to maintain muscle mass are crucial to improve skeletal 

health. 

3. Fractures continue to occur in adulthood creating significant morbidity and mortality.  The 

fractures seen may be different to those seen in childhood and be more similar to low trauma 

fractures seen in older women and men. 

4. Bone fragility in chronic neurological disease is likely a combination of reduced BMD and 

altered bone microarchitecture. 

5. Low BMD in chronic neurological disease is predominantly due to reduced peak bone mass, 

but early loss in young adults may play a role. 

6. Gonadal function is likely compromised in chronic neurological disease and may contribute 

to poor bone health. 
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To address these hypotheses, the aims of this thesis are:  

Cerebral palsy 

1. To investigate the relationship between skeletal muscle mass, fat mass, BMD and fracture in 

adult subjects with CP through a retrospective cross-sectional study.   

o To determine the relationship between BMD at both the proximal hip and spine and 

fragility fracture in adults with CP.   

o To determine whether muscle or fat is most associated with BMD to guide nutritional 

and exercise interventions. 

o To determine the risk factors for low BMD in adults with CP including nutritional, 

pharmacological, endocrinological and functional risk factors. 

2. To assess bone microarchitectural parameters in adults with CP. 

o To determine the relationship between bone microarchitecture, BMD and fracture. 

3. To assess longitudinal changes in bone density in CP over childhood, adolescence and 

adulthood to improve understanding of pathophysiology of bone fragility in this condition. 

o To determine if reduced peak bone mass or early loss of bone in young adulthood is 

the predominant cause of low BMD. 

o To assess the impact of puberty and growth on BMD in CP. 

4. To describe the aetiology and treatment of hypogonadism and delayed puberty in CP, and its 

effect on bone density. 

 

Spina bifida 

1. To investigate the relationship between skeletal muscle mass, fat mass, BMD and fracture in 

adult subjects with SB through retrospective cross-sectional study. 

o To determine the relationship between BMD at proximal hip and spine and fragility 

fracture in adults with SB.   
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o To determine whether muscle or fat is most associated with BMD to guide nutritional 

and exercise interventions. 

o To determine the risk factors for low BMD in adults with SB including nutritional, 

endocrinological, renal and functional risk factors. 

2. To investigate the rates of fractures across the lifespan in SB. 

o To determine whether fractures continue into adulthood and whether fracture type 

differs between children and adults. 
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Chapter 2 – Methodology 

Introduction 

Methodology specific for each study is described in the Methods section of each chapter.  In this 

chapter an overview is provided of the patient cohort, and the biochemical and radiological 

techniques used in the studies. 

  

Patient Cohorts 

Monash Health is a tertiary teaching hospital in Victoria, Australia that provides care across the 

lifespan with obstetric, newborn, paediatric and adult services.  Children with CP and SB are seen in 

specialist medical clinics and the Victorian Paediatric Rehabilitation Service.  As adolescents, they are 

linked into the Young Adults Transition Clinic which takes referrals state-wide, and then referred on 

to adult services.  One such service is the Metabolic Bone Clinic at Monash Health, which is staffed by 

both paediatric and adult endocrinologists to allow the smooth transition of care of these patients 

and is uniquely placed to understand changes in bone health in this group.  

 

Definition of cerebral palsy and spina bifida 
 
In 2004, the International Working Group on the Definition and Classification of Cerebral Palsy defined 

cerebral palsy as follows: “Cerebral palsy describes a group of permanent disorders of the 

development of movement and posture, causing activity limitation, that are attributed to non-

progressive disturbances that occurred in the developing fetal or infant brain. The motor disorders of 

cerebral palsy are often accompanied by disturbances of sensation, perception, cognition, 

communication, and behaviour, by epilepsy, and by secondary musculoskeletal problems.” (43, 44).   

This definition was used to identify patients for the studies. 
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Spina bifida or meningomyelocele is a term that describes a subset of neural tube defects (NTD).  NTD 

refer to congenital defects of the central nervous system where the neural tube fails to close during 

embryogenesis leading to exposure of the nervous system.  SB is when there is involvement of the 

spinal cord, whilst anencephaly is exposure of the brain and craniorachischisis is exposure of the entire 

nervous system.  The latter two are incompatible with life.   In our studies, SB is defined as open neural 

tube defects of the spinal cord and does not include patients with spina bifida occulta or caudal 

regression syndrome. 

 
Biochemical Assessments 

All biochemical measurements were performed through the Chemical Pathology Department at 

Monash Health. These comprised serum creatinine, 25(OH) vitamin D, calcium, phosphate, PTH, 

bicarbonate and ALP. 

 

Dual Energy X-ray Absorptiometry 
	
aBMD was measured by DXA at the lumbar spine, femoral neck and total body on all participants 

unless limited by previous scoliosis surgery, femoral surgery or difficulty positioning.  Total lean tissue 

mass and fat mass were derived from the whole body scan.  All measurements were obtained using a 

GE Lunar Prodigy (Madison, Wisconsin, software version 12) at Monash Health.   The majority of scans 

were performed by one technician, and were given 1 hour timeslots to allow for positioning difficulties 

and the need to acquire multiple scans if motion artefact was present.  I assessed all scans to 

determine whether there was significant motion artefact or large variations in the region of interest 

and excluded these sites from analysis. 

 

Subjects were scanned from L1-L4 in all cases.  However, when scans were reviewed individually, in 

subjects with scoliosis, L1 was often involved in the inflection of the curve making it difficult to reliably 

reproduce measurements between scans.  L2-4 was therefore chosen for analysis in patients with CP.  
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In SB, the presence of vertebral arch deficits can falsely lower the L1–L4 lumbar spine BMD. The L1 

vertebra was therefore chosen, because it is rarely involved in SB, in line with previous studies [21, 

22]. 

 

BMD was expressed as grams per centimeter squared (g/cm2).  Z-scores were used due to the young 

age of the cohorts, which compares subjects to age and gender matched controls.  Low BMD was 

pre-specified and defined as a Z-score of ≤-2.0 as per the ISCD guidelines for adults < 50 years of age 

(15).   

 

Trabecular Bone score (TBS)  

TBS measurements of L2-L4 were retrospectively obtained from DXA spinal images using TBS iNsight 

Software (version 3.0.2.0, Medimaps).  TBS values were classified as intermediate risk (TBS 1.23-

1.31) or high risk (TBS <1.23) of fracture based on a recent meta-analysis of 14 population cohorts 

including women and men (147).  Subjects with TBS that were consistent with intermediate or high 

risk of fracture were considered to have low TBS.  

 

Statistical Analyses 
 
The distribution of data was explored using the Shapiro-Wilk test.  All normally distributed data were 

expressed as mean with SD, and non-parametric data as median with minimum and maximum ranges. 

A p-value of <0.05 was considered significant and analyses were conducted using SPSS 24 (IBM, 

Armonk, NY). 

 

Differences between groups were determined using the independent t test for normally distributed 

variables, the Mann-Whitney U test for nonparametric variables, and the Fisher exact test for 

categorical variables.  The relationship between continuous and categorical variables was determined 
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using linear and logistic regression. Potential confounder factors were adjusted for using multiple 

regression analyses.  Mixed model analyses were used for longitudinal analysis to determine the 

significance of changes in aBMD and Z-score over time, with time defined as the number of years since 

baseline DXA.    
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Chapter 3 - Understanding bone fragility in adults with CP through DXA- 
derived measures of BMD, body composition and bone microarchitecture 

 

3.1 Introduction 
 
Individuals with CP are living longer and are now experiencing diseases associated with ageing.  In 

Australia, even those with most severe impairments are living to young adulthood, and if they survive 

to age 25 their remaining life expectancy is another 30 years (39).  A number of epidemiological studies 

have identified two main disease processes highly prevalent in adults with CP, namely bone fragility 

and cardiometabolic disease (72-74).  

 

Adults with CP are at high risk of osteoporosis and fracture due to exposure to risk factors commencing 

in childhood such as immobility, anticonvulsant use and malnutrition.  This is further compounded by 

the loss of bone mass that occurs with ageing.  What is unclear is whether low bone mass in adults 

with CP is predominantly due to less bone accrual during childhood, earlier onset of bone loss or an 

accelerated rate of bone loss compared with the general population.  Previous small longitudinal 

studies suggest the rate of bone accrual in CP is less than that of typically developed children, and in 

adults there may be a decline in Z-scores over time although statistically insignificant (93, 95). Rates 

of osteoporosis and fracture in adults with CP is poorly described, and it not known whether these 

individuals experience typical osteoporotic fractures or continue to have distal femoral fractures seen 

in children with CP.   

 

In young men and women, lean mass accounts for greater variance in BMD than fat mass; this 

relationship between muscle and bone is likely to be important in adults with CP.  The interplay 

between body composition and bone has not been previousy explored in CP and may guide 

therapeutic strategies.  DXA allows for assessment of bone density and body composition 

concurrently.  Furthermore,  it can be used to derive TBS, a marker of bone microarchitecture.  In 
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children, the distal lateral femur site was devised to overcome difficulties with measuring BMD in 

children with CP and correlates to fracture risk (114, 117).  However, the optimal site of measurement 

of BMD has not yet been determined in adults and there have been no studies that have found an 

association between fracture and BMD. 

 

The objective of this chapter was to better understand bone fragility in adults with CP through DXA-

derived measures of BMD, body composition and bone microarchitecture.  Chapter 3.2 is a cross-

sectional study of adults with CP assessing the prevalence and type of osteoporotic fractures seen, 

and exploring the effect of functional, endocrine and nutritional factors on the relationship between 

BMD, fracture and body composition.  Chapter 3.3 examines the longitudinal changes in BMD in 

adolescents and adults with CP focusing on the relative importance of bone accrual or bone loss in 

the pathogenesis of low bone mass.  Chapter 3.4 uses TBS to elucidate bone microarchitectural 

changes in CP and its potential use in the assessment of bone health and fracture risk in adults with 

CP. 
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Chapter 3.2 – Musculoskeletal and Endocrine Health in Adults with Cerebral Palsy: New 
Opportunities for Intervention 
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Chapter 3.3 – Trabecular bone score in adults with cerebral palsy  
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Chapter 3.4 – Longitudinal changes in bone density in adolescents and adults with cerebral palsy: 
A case for early intervention  
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Chapter 3. 5  Hypogonadism and delayed puberty in adolescents and young adults with cerebral 
palsy 
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Abstract 

Objective: To describe our experience of delayed puberty and hypogonadism in cerebral palsy 

(CP), with specific reference to aetiology, treatment, adverse effects of treatment and bone 

phenotype.  

Design: Retrospective cohort study of CP patients attending two tertiary paediatric hospitals. 

Patients and Measurements:  27 individuals with CP and a history of delayed puberty or 

hypogonadism were identified.  Clinical, biochemical and radiological data were collected 

from the medical records.  Individuals who received sex-steroid treatment were invited to 

participate in a telephone interview exploring the issues of bone and sexual health, medication 

compliance, tolerance of medication effects and its influence on quality of life.   

Results: The median age of assessment of gonadal status was 18 years (interquartile range 16.5 

- 20.5) and 17 (63%) were female.  The mean BMI was 17.4kg/m2 (IQR 13.7 - 23.4).  Most 

patients were non-ambulatory (81.5%) with a gross motor function classification scale 

(GMFCS) of IV or V.  Delayed puberty was documented in 23 patients (85.2%); mean age of 

menarche in 15 females was 17.3±2.1 years.  Sex-steroid replacement was given to 16 patients 

(69.6%) with varying routes of administration and doses.  Treatment was generally well 

tolerated; however one episode of ovarian hyperstimulation was recorded. Despite sex-steroid 

replacement, changes in bone mineral density between subjects were inconsistent. 

Conclusions: Delayed puberty and hypogonadism is not uncommon in severely affected 

individuals with CP, and may be diagnosed late.  Further work is required to determine the 

appropriate sex-steroid replacement dose and route of administration for optimal bone and 

general health in this population. 
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Cerebral palsy is the most common disorder of movement seen in children, affecting 2-

3.5/1000 live births (1).  With improved life expectancy, there has been an increased focus on 

musculoskeletal morbidity in adults with CP.  The prevalence of osteoporosis in a large North 

American cohort of adults with CP was 10% in those aged 31-40 years, increasing to 25% in 

those over 50 years of age (2).  Fracture prevalence was found to be 38% in a cohort of 45 

young adults with CP, with over half of fractures occurring in adulthood (3). Low bone mass 

leading to fractures can impair mobility and quality of life.   

 

The abnormal bone phenotype in cerebral palsy commences in childhood, with less accrual of 

bone due to reduced biomechanical forces exerted on bone.  Compounding this issue is 

anticonvulsant use, inadequate nutrition, vitamin D deficiency and growth hormone deficiency 

(4-6).  One factor requiring further exploration is the role of sex-steroids, with altered pubertal 

progression and hypogonadism being described in CP.  Central precocious puberty (CPP) in 

CP is thought to be secondary to the insult to the central nervous system as seen in other 

neurodevelopmental disabilities (7).  CPP may progress more rapidly in CP than in typically 

developing children, and has been associated with a poorer response to gonadotropin-releasing 

hormone agonist therapy (8).  Delayed progression through puberty was described by Worley 

et al., with girls with CP having late menarche despite entering puberty earlier (9).  The 

aetiology of delayed puberty or hypogonadism in CP is varied; there has been a case series of 

hypopituitarism in four children with CP with multiple hormone deficiencies (10), and both 

hyper- and hypogonadotrophic hypogonadism identified in young adults with CP (3). 

 

There is some evidence that these alterations in the hypothalamic-pituitary-gonadal axis 

function may impact bone health.  Our previous study in adults with CP showed an association 

between hypogonadism and lower lumbar spine bone mineral density (BMD) and reduced 
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muscle mass (3).   Studies assessing bone age in CP are conflicting, showing both advanced 

(11) and delayed skeletal age which is influenced by the degree of functional impairment and 

fat stores (12-14).  Importantly, no studies to date examine the tolerability of pubertal induction 

and/or sex steroid replacement in this population specifically and its effects on bone health. 

Much of the literature in females with chronic neurological disability including CP focus on 

contraception or the suppression of menses, and in both sexes concerns regarding mood, 

aggression, or altered sexual behaviour may discourage treatment (15). 

 

In this study, we aimed to describe our experience of delayed puberty/hypogonadism in CP.  

We describe the aetiology of delayed puberty/hypogonadism in our cohort, the treatments and 

their tolerability, the effects on bone density and side effects.   
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Methods 

Participants 

A retrospective cross-sectional cohort study of 27 adolescents and young adults with CP who 

had pubertal delay or hypogonadism was analysed.  Participants were identified from existing 

hospital databases until December 2018.  Both institutional ethics committees approved the 

study (Monash Health HREC, Royal Children’s Hospital HREC). 

 

Data collection and clinical measures. 

Delayed puberty was defined as the absence of testicular enlargement in boys or breast 

development in girls at an age that is more than 2 standard deviations later than the population 

mean (age of 14 years in boys and 13 years in girls).  Hypogonadism was defined in males as 

the use of sex-steroid therapy or low testosterone levels (<8nmol/L) documented on two 

separate occasions, and in females as the use of sex-steroid therapy for induction of pubertal 

development, menopause before the age of 40 (hypergonadotrophic), or low oestradiol 

concentrations (<73pmol/L) on two separate occasions.   

The following variables were collected from the medical record at the time of diagnosis if 

available: FSH, LH, oestradiol/testosterone, Tanner stage, bone age and dual energy x-ray 

absorptiometry (DXA).  Age of commencement of sex-steroid therapy, the medication used, 

dosage and side effects was collected if treatment was undertaken.  For females, the age of 

menarche was collected.  Bone age was estimated by a radiologist from a hand x-ray using the 

Greulich and Pyle (GP) method. 

Gross Motor Function Classification Scale (GMFCS) grades the severity of gross motor 

function impairments based on the ability to mobilise or need for assistive devices (16). 
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GMFCS was obtained from the medical records, and participants divided into two groups: 

predominantly ambulatory (GMFCS I-III) or non-ambulatory (GMFCS IV-V). 

Current or past use of anticonvulsant medication and use of percutaneous endoscopic 

gastrostomy (PEG) feeding was obtained from the medical record.  Minimal trauma fracture 

was defined either as a self-reported or radiologically proven fracture occurring after a fall 

from standing height or less, or a minimal trauma incident other than a fall (e.g. turning over 

in bed).   

Bone density 

DXA scans were performed on a GE Lunar Prodigy (Madison, Wisconsin, software version 

17) or Hologic QDR 4500 or Horizon DXA scanner (Hologic Inc., Bedford, MA).  

Interview 

Participants and/or their families identified from existing databases were sent a letter of 

invitation to participate in a telephone interview.  Participants posted a signed consent form 

and consent was also confirmed verbally at the time of the interview.  The same study team 

member (AT) interviewed all participants. All interviews were audio recorded and transcribed 

into a dataset. Interview questions mainly comprised of bone and sexual health, medication 

compliance, tolerability and quality of life (See Supplementary Information).  

Statistics 

The distribution of the data was explored by the Shapiro-Wilk test.  All normally distributed 

data were expressed as mean with standard deviation and non-parametric data as median with 

interquartile ranges.  Differences between groups were determined using the Mann-Whitney U 

test for continuous variables with non-parametric distribution.  
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Results 

Baseline characteristics 

Twenty seven patients were found to have delayed puberty or hypogonadism.  Clinical 

characteristics of the patients are shown in Table 1.  Median age of assessment of gonadal 

status was 18 years (IQR 16.5 – 20.5).  Nine patients (33.3%) were assessed due to concerns 

regarding gonadal status, the remainder were assessed due to concerns regarding bone health.  

The majority of patients were non-ambulatory (81.5%) with a GMFCS of IV or V. 

Seventeen (63%) were female.  The mean age of menarche (documented in 15 patients) was 

17.3 ± 2.1 years.  Two patients had not yet had menarche at the ages of 18 and 20.  Eleven 

patients had a hand x-ray performed to estimate bone age, with the mean delay in bone age 

being 4.1 ± 2.2 years.  Eleven (40%) of patients had a prevalent fracture, with seven patients 

experiencing multiple fractures.  All fractures occurred with minimal trauma.  The fractures 

predominantly involved the lower limb (55%), with the remainder involving the upper arm 

(n=3), clavicle (n=3) and spine (n=2). 

Cause of delayed puberty or hypogonadism 

All 17 female patients had delayed puberty; two had unexplained primary ovarian insufficiency 

and the remainder were hypogonadotrophic on biochemical assessment.  Of the ten males, six 

had delayed puberty and four had secondary hypogonadism.  Two cases of male hypogonadism 

were hypergonadotrophic. 

Hypogonadotrophic hypogonadal (HH) patients had screening for other pituitary hormone 

abnormalities.  Two male patients had panhypopituitarism requiring thyroxine and cortisone 

replacement with no pituitary abnormality identified on magnetic resonance imaging (MRI).  

Two other patients had elevated prolactin concentrations between 2-3 times the upper limit of 
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normal; one had an MRI which did not demonstrate pituitary pathology, the other patient was 

on domperidone to increase gastrointestinal motility.  The remaining patients had not been 

imaged to exclude structural hypothalamic or pituitary causes of hypogonadism as their 

presumptive diagnosis was of functional HH deduced from their low body weight.  HH patients 

had a lower median BMI of 16.9kg/m2 (IQR 13.2-21.9) compared with hypergonadotrophic 

patients 24.0kg/m2 (IQR 13.2-24.7), although, given the small numbers, the difference was not 

statistically significantly different. 

Treatment 

Seventeen patients (63%) received treatment (Table 2), 16 with sex-steroid replacement 

therapy and one male patient received treatment with cabergoline for an elevated prolactin.  

Some patients trialled multiple treatment regimens. 

Of the females who underwent pubertal induction, three received oral oestradiol valerate which 

was commenced at 1mg alternate days with gradual up-titration to 2mg daily.  Progesterone 

was subsequently added two years after oestrogen initiation in the form of oral 

medroxyprogesterone acetate.  One patient passed away on treatment due to unrelated causes, 

another ceased therapy due to side effects and one changed to the combined oral contraceptive 

pill (COCP) after induction.  Four received oestradiol in the form of a transdermal patch, three 

commenced at a dose of 12.5mcg twice/week which was then uptitrated to 25mcg twice/week, 

the remaining patient commenced at a dose of 25mcg twice/week.  Progesterone was also 

added later in the form of oral medroxyprogesterone acetate.  Two patients continue on this 

treatment, one is deceased, and another patient ceased treatment as she developed spontaneous 

menses after weight gain.  In all patients requiring progesterone, the dose necessary for 

regulation of menses was no higher than 5mg of oral medroxyprogesterone acetate daily. 
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Three female patients received sex-steroids after puberty for oligomenorrhoea with low bone 

density.  Two patients were prescribed the COCP and another prescribed a combined 

continuous transdermal patch which later changed to transdermal oestradiol and oral 

progesterone.  One patient on the COCP ceased this due to side effects.  

Male patients treated for delayed puberty received oral testosterone undecanoate at a dose of 

40mg daily which was gradually up-titrated.  The final dose varied between 80mg and 240mg 

daily.  One patient was changed from oral testosterone undecanoate to mixed testosterone esters 

(Sustanon™), testosterone implants and then back to oral testosterone due to side effects.  Of 

the three male patients who received hormone therapy for secondary hypogonadism, two 

received 1% transdermal testosterone gel (50mg/5g daily) and one patient used a transdermal 

testosterone patch (5mg/24hours).   All male patients were documented to still be on treatment. 

Side effects 

Three of eleven female patients experienced issues with menses (breakthrough bleeding, 

menorrhagia or difficulty managing menses).  These patients received either the COCP or the 

combined transdermal patch.  

One female patient (aged 20) receiving oestradiol for pubertal induction had the unexpected 

occurrence of spontaneous ovarian hyperstimulation syndrome (OHSS) on 2mg oestradiol 

valerate.  In addition to a history of severe CP (GMFCS level V) and low BMI (16.2kg/m2), 

she had a family history of Kallmann syndrome (father) and was conceived through in-vitro 

fertilisation. The patient’s sense of smell was unable to be reliably assessed. At baseline, her 

oestradiol level was undetectable with a follicle stimulating hormone (FSH) of 0.5IU/L and 

lutenising hormone (LH) of 0.3IU/L.  Before presentation, she had been slowly up-titrated from 

a dose of 0.5mg oestradiol valerate over 18 months.  She presented with a four-day history of 
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severe abdominal pain and PV spotting.  On examination, she was normotensive with a heart 

rate of 108 and temperature of 37.4° C.  C-reactive protein was elevated at 367mg/L and WCC 

was 24.6×109/L.  Computed tomography (CT) of the abdomen and abdominal ultrasound 

demonstrated grossly enlarged ovaries with cystic changes (Figure 1).  This imaging finding 

contrasted to an ultrasound done before treatment in which the uterus was small and ovaries 

could not be identified.  A diagnostic laparoscopy identified bilaterally enlarged ovaries with 

pelvic pus and adhesions.  Following surgical washout, she was treated with intravenous 

antibiotics and required a further CT guided drainage of an intra-abdominal collection (Figure 

1B).  Oestradiol valerate was ceased.    She continues to be amenorrhoeic with undetectable 

oestradiol levels.  Her mother has refused further treatment with sex-steroids for her, and her 

bone health is being monitored.    

Two male patients had side effects documented in the medical records or on questioning the 

carer through interviews.  One patient who had changed from oral testosterone to Sustanon™ 

and testosterone implants found the parental administration route to be highly distressing so 

was changed back to oral testosterone.  One patient developed worsening acne and irritability 

when the dose of oral testosterone undecoate was increased from 160mg to 240mg daily. 

Interview  

Of the 17 patients who received treatment, seven families consented to an interview (five 

female, two male).  All the interviewees were mothers of the patients.  Five patients who had 

received treatment were deceased at the time of the study.  A worsening mood was described 

by two carers of a male and female patient, although they felt it was not severe enough to 

require cessation of treatment.  Possible improvement in cognition was described by the carer 

of only one female patient.  None of the carers of the five female patients who were interviewed 
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noted any difficulty with managing menses after treatment was commenced.  The carers of the 

two male patients denied any issues with aggression with testosterone replacement. 

Bone density 

Seven patients had longitudinal bone density data for evaluation.  Results are shown in Table 

3.  Only two patients (Patient 4 and 7) had significant increments in bone density on treatment, 

these patients both received treatment for pubertal induction.  
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Discussion 

Puberty is an important time for accrual of bone, with bone mass almost doubling during this 

time (17).  The amount of bone gained during puberty determines peak bone mass (PBM) and 

PBM is a significant determinant of risk of osteoporosis and fracture later in life (18).  Delayed 

puberty is associated with lower BMD and increased fracture risk (19).  Hypogonadism in 

adults also results in low BMD, with sex-steroid replacement ameliorating these effects (20-

22). The importance of sex-steroids for bone accrual and maintenance in the general population 

is likely to also apply to those with CP, although this has not formally been demonstrated. 

 

Delayed puberty or hypogonadism in CP may be under-recognised or poorly reported by carers 

and health professionals who may not raise concerns regarding psychosexual function in 

disability.  In our cohort, most patients were diagnosed after a referral to endocrinologists 

because of concerns regarding bone health.  This represents an opportunity for screening for 

sex steroid deficiency and provides a rationale for treatment.  Tanner staging should be part of 

routine paediatric assessment in CP and in females, the lack of menses can alert carers and 

clinicians to delayed puberty or hypogonadism. 

 

Hypogonadal patients in our cohort mostly had a GMFCS level of IV or V and were PEG fed, 

which also predisposes them to poor bone health.  Furthermore, the predominance of HH and 

the tendency to low BMI in these individuals suggest that the aetiology may be related to poor 

nutritional status.   In a multivariable analysis, Henderson et al. also found low body fat 

independently predicted delayed skeletal age in children with CP (14).  Optimising nutrition 

therefore may impact positively on bone health in CP in many ways: maintenance of muscle 

mass, adequate calcium and vitamin D intake, and promoting a eugonadal state.  
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The doses of sex-steroid used are generally lower than standard sex-steroid replacement 

therapy.  These doses were chosen to take into account the weight of these patients and to 

ensure tolerability.  Future studies are required to determine whether these doses are sufficient 

for bone accrual and maintenance.  This may explain the inconsistent BMD changes in our 

cohort.   Furthermore, the formulation of sex-steroid may be important, with previous studies 

in premature ovarian insufficiency and anorexia nervosa showing oestradiol increased BMD 

more than ethinyloestradiol in the combined COCP (10,12,13).  In males, the transdermal and 

oral route were most commonly chosen to avoid the distress of parental administration, as well 

as avoid peaks and troughs of testosterone levels which has the potential to alter mood or 

behaviour.  

 

Overall sex-steroid replacement was well tolerated in our series of patients with some 

important caveats.  Menstrual issues were a concern for some female patients necessitating 

cessation or switching of treatments.  No patients received a progesterone containing 

intrauterine device or depot progestogen combined with oral/transdermal oestrogen, which are 

suggested options for menstrual management (23).  Adverse changes to mood or behaviour 

with hormone replacement were uncommon and mild and should not be a reason to withhold 

treatment.    

 

Of concern, one patient developed unexpected OHSS on 2mg oestradiol daily.  This side effect 

is unusual in women who are neither pregnant nor undergoing ovulation induction.  However, 

it has been reported to occur spontaneously in the setting of an FSH-producing pituitary 

adenoma, mutations of the FSH receptor, polycystic ovarian syndrome and hypothyroidism 

(8).  Of note, our patient had a family history of Kallmann syndrome; there are no known 

associations of spontaneous OHSS with the condition, and mechanistically this is difficult to 
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reconcile. In addition, before treatment with oestradiol, our patient had normal thyroid 

function, low FSH, and her ovaries were not seen on ultrasound.   

 

There are some limitations to our study.  We were unable to obtain MRI imaging in all patients 

with HH to exclude pituitary pathology. However, we did have biochemical assessment of the 

other pituitary axes.  Five families did not consent or could not be contacted for an interview 

to confirm the documented medical history.   Our bone density data in this cohort is limited 

and cannot adequately assess the efficacy of sex-steroid replacement on improving or 

maintaining bone density in CP.  

 

In summary, delayed puberty and hypogonadism may be poorly recognised in CP leading to a 

late diagnosis.  Assessment of bone health in CP should include screening for sex-steroid 

deficiency, which is more common in those with a poor functional status.  Optimisation of 

nutritional status and cautious replacement of sex-steroids or use of pubertal induction needs 

to be considered.  Further larger studies are required to determine the efficacy of sex-steroid 

replacement on bone health in individuals with CP.  



128	
	
	
	 	

What is already known on this topic: 

• Altered pubertal progression in the form of both central precocious puberty and delayed 

puberty can occur in cerebral palsy 

• Aetiology of delayed puberty and hypogonadism in CP is varied 

• Sex-steroid deficiency may impact bone health in cerebral palsy 

 

What this study adds 

• Delayed puberty and hypogonadism is more common in those with a poor functional 

status and may be related to nutritional status 

• Sex-steroid replacement in CP is generally well tolerated 

• The effect of sex-steroid replacement in CP on bone density is inconsistent and requires 

further study 
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Table 1 – Baseline characteristics of subjects with CP with hypogonadism or delayed 
puberty 
Female 17 (63%) 
BMI kg/m2 17.4 (13.7-23.4) 
Anticonvulsant use 16 (61.5%) 
Nonambulatory 22 (81.5%) 
PEG fed 11 (42.3%) 
GMFCS  
 II-III 5 (18.5%) 
 IV 7 (25.9%) 
 V 15 (55.6%) 
Fracture 11 (40.7%) 

All expressed as n (%) unless otherwise stated 
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Table 2 – Treatments used and side effects 
  

Treatment N Side effects 
Oral oestradiol valerate and oral 
medroxyprogesterone acetate 

3 1 Possible ovarian hyperstimulation 
syndrome 

Transdermal Oestradiol and oral 
medroxyprogesterone acetate 

4  

Combined oral contraceptive pill 3 1 Menorrhagia 
1 Difficulty managing menses 

Combined continuous transdermal 
patch 

1 1 Breakthrough bleeding 

Oral testosterone undecanotate 4 1 Worsening acne and irritability 
 

1% transdermal testosterone gel 2  
Transdermal testosterone patch 1 1 Erythema site of patch 
Sustanon, testosterone implants 1 1 Difficulty with administration 
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Table 3 - % change in BMD/year on treatment 

Patient Treatment Age (years) 
commence

d 

Years of 
followup 

TBBMD 
%D/yr 

LS BMD 
%D/yr 

FNBMD 
%D/yr 

1 COCP 21 3 - 0.54% -1.87% 
2 Transdermal 

E, oral P 
18 10 0.94% 1.61% 2.45% 

3 COCP  14 3 1.35% - - 
4 Transdermal 

E, oral P  
15 3 - 5.76% 8.99% 

5 Testosterone 
gel  

25 5 -0.1% -4.83% 0.25% 

6 Testosterone 
patch  

21 5 0.36% 0.43% - 

7 Testosterone 
gel  

18 4 - 36.4% 9.3% 
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Figure 1 – Patient with ovarian hyperstimulation syndrome with oestradiol valerate 

	
Panel A – CT abdomen demonstrating grossly enlarged ovary (triangular arrow).  Panel B – 
CT abdomen demonstrating intra-abdominal collection (arrow).  Panel C and D – Left and 
right ovary as depicted on ultrasound respectively. 
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3.6 Conclusion 
	
In the cross-sectional study of adults with CP (chapter 3.2), 38% had a prevalent fragility fracture, with 

53% of fractures occurring in young adulthood.  Despite the young mean age of patients (28.3 years), 

fractures occurring in adulthood were predominantly osteoporotic related fractures of the ankle, 

vertebra and ribs.  The distal femur fracture is not seen in adulthood and may be due to changes in 

size and geometry of bone with growth and changes to the growth plate.  Non-ambulation, higher 

GMFCS, the presence of hypogonadism and PEG feeding were found to be risk factors for low BMD.  

Furthermore, femoral neck Z-scores were associated with fractures in non-ambulatory patients.  In 

support of the important role function plays in bone health, lean tissue mass had a greater effect on 

BMD than fat mass.  This relationship was attenuated by the presence of hypogonadism, which led us 

to investigate in more detail the aetiology of sex-steroid deficiency in CP and the effects of 

replacement (chapter 3.5).    

 

Patients with gonadal dysfunction were identified from referrals to the Endocrine unit at two major 

paediatric hospitals in Victoria.  The majority of referrals were in fact for bone health and represent 

an opportunity to screen for and treat gonadal dysfunction.  Gonadal dysfunction was common in 

those with poorer functional state (GMFCS IV or V) and in those who were PEG fed.  The aetiology in 

most cases were hypogonadotrophic hypogonadism and presented as delayed puberty.  Those with 

hypogonadotrophic hypogonadism tended to have a lower BMI (16.9 kg/m2 vs 24.0kg/m2), suggestive 

of a functional hypothalamic cause of hypogonadism similar to that seen in anorexia and other 

conditions of malnutrition.  Treatment with sex-steroid replacement was well tolerated in most 

individuals, although I was unable to demonstrate significant improvements in BMD due to the small 

number of patients.   
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Longitudinal changes in BMD during puberty were significant with an increase of 4-8% in aBMD per 

year (chapter 3.3).  Deficits in bone mass in CP are seen even prior to puberty.  Z-scores were stable 

during adulthood, suggesting low bone mass in adults with CP is likely due to poor bone accrual in 

early childhood rather than rapid bone loss later in life.  PBM occurred late in the third/early in the 

fourth decade of life and may be due to the high rates of delayed puberty and subsequent delayed 

bone accrual in our cohort.  The early onset of deficits in bone mass highlight the need for 

interventions during childhood.  Given the importance of muscle, mobility, endocrine health and 

nutrition on BMD seen in our cross-sectional work and that of other groups, optimising these factors 

are likely key to achieving potential PBM and improve adult bone health.  The effect of 

hypogonadism/delayed puberty on bone health is likely amplified in our cohort and reflects referral 

patterns to our centre.  In those with poor functional state and suboptimal nutrition, the identification 

of hypogonadism/delayed puberty is important; the role of sex-steroid deficiency in bone health in 

those with GMFCS I-III is less clear. 

 

Abnormal bone microarchitecture as measured by TBS (chapter 3.4) was found in over 50% of adults 

with CP.  TBS was higher in ambulatory patients and was weakly associated with lean mass, again 

confirming the importance of muscle and function in CP.  TBS may be a useful adjunct to assess bone 

health in CP as it can be determined retrospectively from a lumbar spine DXA without need for further 

scans or radiation.  A relationship between TBS and fracture was not seen.  The use of TBS may be in 

identifying adults with CP who have normal BMD but at risk of fracture. 

 

In summary, DXA-derived BMD at traditional sites of the lumbar spine and femoral neck may be used 

in adults with CP to identify individuals at risk of fracture and requiring treatment.  Adults with CP 

appear to have typical osteoporotic fractures albeit at a younger age, and x-rays should be used to 

screen for spinal fractures.  Our studies confirmed the importance of function and nutrition on bone 
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health in CP, and identified a novel risk factor of gonadal dysfunction in this cohort.  Intervention early 

in childhood addressing these risk factors is likely to have greatest impact as impaired bone accrual 

appears to be the primary driver of low bone mass in this condition.  The potential use of hormonal 

treatment requires further investigation in prospective randomised studies. 
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Chapter 4 – Bone health in SB 

 

4.1 Introduction 
 
Fractures are common in children with SB with a prevalence of up to 30% (278, 279).  Most of these 

fractures involve the distal femur, similar to the fractures seen in CP (274, 275).  In children with SB, 

immobility following major surgery, prior fracture, higher spinal level and non-ambulatory status have 

been shown to be associated with fracture  (275, 278, 279).   

 

The gaps in knowledge pertaining to bone health in adults with SB is similar to those in CP.  The 

relationship between low BMD and fracture is unclear in the SB cohort due to the small numbers of 

patients in previous studies (271, 272, 282).   Fracture risk appears to decline in adulthood although 

no differences in fracture site has been reported  (280).  Given our findings in CP, we would expect 

more typical osteoporotic fractures in adults with SB rather than the ongoing occurrence of distal 

femur fractures.  

 

There are differences between the SB and CP cohort that may alter fracture risk and are worthy of 

exploration.   In SB, urological intervention with intestinal segments can lead to metabolic acidosis, 

and bladder dysfunction can lead to chronic kidney disease.   These factors have not been studied 

systematically in relation to BMD or fracture risk.  The relationship between body composition and 

bone health may also be quite different in SB as obesity is highly prevalent in adults with spina bifida 

(292).  Mortality and morbidity in adults with SB are now predominantly due to cardiometabolic 

diseases such as stroke and acute myocardial infarction (331).  Obesity may have protective effects on 

bone, with previous studies documenting a positive association between BMI and BMD (332, 333).  

Secretion of hormones such as insulin, amylin, and leptin as well as through the increased 

aromatisation of testosterone to estrogen may account for the protective effects of fat on bone (334, 

335).  
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The objective of this chapter was to characterise the risk of fracture and low bone mass in adults with 

SB.  Chapter 4.2 is a retrospective cohort study of adults with SB assessing the risk factors for, 

prevalence and type of osteoporotic fractures seen compared with children with SB.  Chapter 4.3 is a 

cross-sectional study of adults with SB assessing how changes in body composition may affect BMD 

and metabolic risk factors in these individuals. 
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Chapter 4.2 – Fractures in spina bifida from childhood to young adulthood 
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Chapter 4.3 – Fat- bone interactions in adults with spina bifida  
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4.4 Conclusion 

The retrospective cohort study (chapter 4.2) found that the risk of fracture is lower in adults with SB 

than children.  Fracture rates in children (ages 2-10), adolescents (age 11-18) and adults (age >18) 

were 10.0/1000, 5.4/1000 and 2.9/1000 years respectively.  Type of fracture also varied, with 

childhood fractures involving the distal femur and femoral shaft rarely seen in adults.  A higher risk of 

fracture was seen in non-ambulatory patients with an odds ratio of 9.8, and those who had fractured 

had a relative risk of refracture of 3.1.  Clinicians should concentrate on monitoring bone health in 

those who have had a previous fracture or who are non-ambulatory. 

 

Obesity was highly prevalent (chapter 4.3), present in over 50% of young adults in the cohort with a 

mean BMI of 31.7kg/m2.  Multiple metabolic comorbidities were common with a high rate of 

hypertension and obstructive sleep apnoea despite the young age of patients.  Low bone mass was 

seen in up to 35%, but did not predict minimal trauma fracture.  Fat, rather than lean mass was found 

to correlate with BMD which needs to be confirmed in further studies.  Urological intervention or renal 

impairment were not associated with bone fragility in this cohort. 

 

In summary, obesity rather than low bone mass appears to be of greater concern in adults with SB 

and efforts need to be made in childhood to prevent future cardiometabolic complications.  DXA-

derived measures of BMD were not associated with fracture in our cohort but allows for the 

simultaneous assessment of body composition.  The reduced risk of fracture and low bone mass seen 

in SB compared to CP may be due to the interaction between fat and bone which requires validation 

in future studies. 
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Chapter 5 – Conclusions and future directions 
 
With improved life expectancy in both CP and SB, individuals are now experiencing diseases of ageing.  

Osteoporosis and fracture are increasingly recognised as important comorbidities in adults with SB 

and CP, leading to loss of independence, reduced mobility and pain.  In children with SB and CP, there 

has been a body of research demonstrating the early occurrence of low bone mass, primarily a result 

of lack of ambulation.  However, the natural history of bone disease in these conditions is incompletely 

understood due to the paucity of longitudinal clinical, bone mineral density and fracture data.  In 

addition, knowledge of clinical risk factors for low BMD and fractures is limited.   

 

The objective of the work described herein was to investigate the risk factors associated with reduced 

BMD and fractures in adults with CP and SB.  The major themes that have emerged from my thesis 

are: i) the relationship between BMD, body composition and fracture in CP and SB; ii) considerations 

for transitional care to adult services: differences in measurement, diagnosis and consequences of low 

bone mass with ageing in individuals with CP and SB iii) novel risk factors or protective factors for bone 

health in CP and SB including gonadal dysfunction in CP and renal disease in SB. 

 

Relationship between BMD, body composition and fracture 

The importance of muscle function and ambulation on bone strength has been demonstrated in both 

human and animal models of unloading or disuse.  This is mediated by the osteocyte, which senses 

deformation and responds through altering the secretion of factors such as sclerostin, DKK-1, RANKL 

and OPG.  This in turn acts on osteoblasts and osteoclasts to change bone formation and resorption 

respectively.  The system is designed to allow bones to adapt to changes in use.  However, in CP and 

SB, the lack of mobility from childhood leads to a pathological state of low bone mass and fragility.  
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The importance of the muscle-bone relationship was clearly seen in my cross-sectional and 

longitudinal study of CP.  35.7% of the variance in BMD was accounted for by lean tissue mass (336).  

After adjusting for age, gender and height, lean tissue mass continued to have a positive association 

with BMD whereas fat mass did not.  Apart from bone mass, bone microarchitecture is also affected 

by muscle changes in CP.  TBS, a measure of trabecular microarchitecture was significantly lower in 

non-ambulatory patients (337).  Furthermore, TBS was positively associated with arm and leg lean 

mass.  In my longitudinal study, reduced functional status as measured by GMFCS was the only clinical 

variable that had a consistent effect on longitudinal changes in BMD.   GMFCS had a negative effect 

on longitudinal changes in BMD on the order of -0.01g/cm2/year at all sites measured (338), which 

was a novel finding.  In addition, low Z-scores were demonstrated at baseline (mean age 13.9 years) 

and stability of Z-scores were noted during the third and fourth decade of life.  This suggests that poor 

bone accrual in early childhood is the major cause of low bone mass in CP, driven by reduced mobility.   

 

These findings support work by other groups which have also found that measures of muscle strength, 

ambulatory status and GMFCS are the strongest predictors of BMD (88, 92, 167).   Interventional 

studies which have targeted improving muscle strength and function or the ability to stand and 

mobilise, have generally found positive, albeit small improvements in BMD (218-220).  Given the 

difficulties with conducting interventional trials in this cohort, our work and the work of the other 

studies cited, confirm the validity of using this interventional approach to improving bone health in 

CP. 

     

Interestingly, the muscle-bone relationship does not appear to be as strong in adults with SB.  My 

cross-sectional study in SB found that although lean tissue mass was associated with BMD, accounting 

for 14% of its variance, there was a stronger relationship between fat mass and BMD (243).  This may 

be a result of the significant alterations in body composition in adults with SB but it requires further 
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study.  We found that 87.5% of our cohort were obese according to total percentage of body fat 

calculated by DXA, and that 62.5% had a total body fat percentage over the 95th centile when age and 

sex matched to percentiles from the National Health and Nutrition Examination Survey III (NHANES 

III).   

 

Considerations during transition of care to adult services 

Much of the literature to date has focused on bone health in children with CP and SB.  During the 

transition from childhood to adult services, bone or joint problems were one of the areas of highest 

unmet need in CP identified by a collaborative research group into transitional care (245).  This is 

compounded by the large decrease in the use of rehabilitation services and use of standing devices in 

those transitioning to adult services (339).   

 

Understanding the differences in assessment and management of bone health between adults and 

children with CP and SB will better inform transitional care.   Firstly, the measurement of bone mass 

in children is affected by growth delay and pubertal delay.  This is due to an inherent limitation of DXA, 

which is a two-dimensional image so does not capture differences in bone size in the calculation of 

bone density.  The ISCD paediatric guidelines recommend adjusting BMD/BMC results for height Z-

score in situations of short stature or growth delay (12).  Although there is no formal recommendation 

in adults with short stature, it is widely recognised that short stature can falsely lower BMD results.  

Our adult cohort of CP individuals had a mean height of 155.4 ± 13.6 cm and our SB cohort had a mean 

height of 151.2 ± 11.0cm.  Adult physicians need to take this into account before diagnosing 

pathological low bone mass in CP and SB.  Conversely, smaller thinner bones are more fragile and 

correcting DXA for size may negate the contribution of bone geometry to fracture risk. 
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The site of measurement of BMD also varies between children and adults.  Work by Henderson and 

colleagues has established the lateral distal femur as the site of choice for measuring BMD in non-

ambulatory children with CP (117).  Traditional sites of measurement in adults are the proximal hip 

and lumbar spine.  My study was the first in adults to show a relationship between proximal hip BMD 

and fracture in non-ambulatory adults with CP (336).   This validates the use of these sites, which have 

been utilised by other studies to assess BMD in adults with CP (92, 95, 120). 

 

The other benefit of using the proximal hip and lumbar spine in adolescents and adults with CP is to 

ensure comparability of DXA measurements over time.  There have been concerns using the proximal 

femur in the past due to variability in skeletal development at that site (12).  Longitudinal changes in 

the proximal hip and lumbar spine during puberty in adolescents with CP are in the range of 4-8% per 

year (338) and mirror the changes seen in healthy adolescents of between 5-15% per year (340, 341).   

Recently, the ISCD have updated their paediatric guidelines to recognise the importance of continuity 

of DXA measurements across the transition period.  They have therefore suggested the use of 

proximal femur measurements in adolescents with reduced weight bearing if reference data are 

available (342).  This is important as I have shown Z-scores are stable over time in this cohort, and if 

there are decline in Z-scores, attention needs to be given to nutrition, function and gonadal status. 

 

There are also significant differences in types of fracture and rates of fracture in adolescents and 

adults with CP and SB compared with children.   Young adults with CP can develop vertebral fractures 

(95, 336) and screening spinal x-rays should be done to guide treatment.  Distal femur fractures are 

uncommon in adults with CP and SB (336, 343).  Rates of fracture decline in adulthood in SB (343); a 

focus on cardiometabolic health may be more critical than bone health (243). 
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Novel factors affecting bone health in CP and SB 
 
In CP, the presence of gonadal dysfunction may have significant implications for bone health.  

Hypogonadal patients had lower lumbar spine BMD compared with eugonadal patients (336) .   The 

relationship between muscle mass and BMD in hypogonadal patients was lacking, suggesting that 

correction of hypogonadism is required prior to physiotherapeutic interventions.   The delay in peak 

bone mass accrual to the late third decade/early fourth decade of life in CP may also be explained by 

the high rates of gonadal dysfunction in our cohort (338).   

 

To examine the issue of gonadal dysfunction in more detail, I sought to examine cases identified from 

the two major paediatric hospitals in the state of Victoria.  I found that hypogonadism is more common 

in females and those with a poor functional state (GMFCS IV or V).  The mean age of menarche 

documented in 15 females was 17.3 years.  Most cases were of hypogonadotrophic hypogonadism 

and these patients had a lower median BMI of 16.9kg/m2 compared with hypergonadotrophic 

hypogonadal patients (24.0kg/m2) (unpublished, Chapter 3.5).   This suggests a functional 

hypothalamic hypogonadism caused by nutritional deficiencies.   Treatment with sex-steroid 

replacement was well tolerated in most patients.  I was unable to demonstrate the effect of sex-

steroid replacement on BMD, limited by the small number of patients as well as the variability in the 

formulation, dose and duration of sex steroid replacement.   

 

There were also a number of cases (n=5) of hypogonadism of varying aetiology in males in the SB 

cohort.  However, there were also 6 cases of early puberty and precocious puberty.  The issue of 

overnutrition is much more common than malnutrition in SB and may explain the differences in these 

two cohorts.   
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Unique to the SB cohort are the consequences of neurogenic bladder and their potential effect on 

bone health.  Bladder augmentation with intestinal segments or creation of an ileal conduit can lead 

to a metabolic acidosis as a result of reabsorption of urinary ammonium through the intestinal 

mucosa.  To buffer the acidosis, calcium carbonate is released from bone which can lead to 

osteomalacia and kidney stones. Urological intervention or the presence of renal calculi were not 

associated with fracture or bone density in my cross-sectional study in SB (343).   This finding needs 

to be confirmed in larger studies as there were only 2 out of 49 patients with renal calculi.  Over 50% 

did have urological intervention but this was not associated with any differences in bicarbonate or 

chloride levels.    

 

Renal impairment in SB is a consequence of neuropathic bladder causing obstruction.  This can be 

compounded by recurrent urinary tract infections and urolithiasis (314).  In a recent systematic review, 

renal impairment was found in 25.7% of adults with SB, although only 1.3% had CKD stage 5 on dialysis 

(344). Renal impairment can affect bone health in a multitude of ways.  I found no association between 

renal impairment (defined as eGFR <90ml/kg/min) and BMD or fracture.  However, renal impairment 

was only present in 18% of our cohort, and may reflect improved management of neuropathic 

bladder.  Indeed, renal impairment is becoming a less common complication of SB and less likely to 

contribute to mortality since the introduction of clean intermittent catheterisation and other 

urological procedures (331, 345).  Prevention of renal disease will improve both bone health and 

cardiovascular risk in SB. 

 

Clinical implications 

DXA is an important means of evaluating bone health in CP. Both the proximal hip and lumbar spine 

sites can be used for monitoring changes in BMD in adolescents and adults.  Not only does this allow 

for continuity of measurements over the transition period but femoral neck Z-score is also associated 
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with fracture risk in non-ambulant adults with CP.  Lean mass is associated with BMD in CP, and 

maintenance of function through physical therapy is an important facet of treatment. However, 

gonadal function must be adequate prior to such interventions.  Hypogonadism is common in CP and 

may present as delayed puberty in children or develop in adulthood.  It is more prevalent in non-

ambulatory individuals and those who are PEG fed.  The aetiology of hypogonadotrophic 

hypogonadism in CP in some cases may be related to nutrition.       Longitudinal changes in BMD in 

puberty in CP are appropriate with a 4-8% median increase in BMD per year.  The deficits in bone mass 

observed in patients with CP occur prior to puberty with low Z-scores already present at first DXA.  Z-

scores remain stable over adolescence and adulthood.  Fractures in adulthood differ to those in 

children with CP and are the more typical osteoporotic fractures seen in postmenopausal women and 

older men. 

 

In light of the findings presented in this thesis, current recommendations for individuals with CP who 

are at high risk of low BMD or have a past history of fracture, should include 1-2 yearly DXA of the 

lumbar spine and femoral neck to monitor BMD and body composition. DXA images need to be 

assessed to ensure changes in BMD are not due to motion artefact or positioning difficulties.  Risk 

factors for low BMD include those with a high GMFCS, hypogonadism and nutritional issues.  Lateral 

thoracolumbar x-ray of the spine should be taken at baseline and if there are concerns regarding new 

back pain.  During adolescence, Tanner staging should be performed routinely to assess pubertal 

development with biochemical monitoring if indicated.  Given that low bone mass in adults with CP is 

predominantly an issue of lack of bone accrual earlier in life, intervention should not be purely based 

on BMD.  The use of bisphosphonates should be considered if there has been a significant decline in 

BMD or a new minimal trauma fracture. 
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Similarly, in SB the types of fractures are different in adults compared to children.  Distal femur 

fractures predominate in children but rarely occur in adults.  Adults have a reduced rate of fracture 

compared to adolescents and children, which may reflect the changing geometry and size of bone 

with growth, as well as increased awareness of their environment and falls risk. In SB, obesity rather 

than low BMD is of greater concern which may be due to the fat-bone relationship although this needs 

confirmation in larger studies. 

 

Current recommendations for individuals with SB therefore differ to those with CP.  DXA should only 

be performed in those who have sustained a fragility fracture.  The focus needs to be on 

cardiometabolic health with screening for hypertension, hypercholesterolemia and promotion of 

healthy weight targets.  

 

Future directions 

There are ongoing important gaps in our understanding of bone health in adults with chronic 

neurological disease.  The role of bisphosphonates in fracture prevention has not been shown in 

randomised control trials in adults with CP or SB.  The optimal timing of bisphosphonates needs to be 

explored; particularly given the childhood burden of fracture in CP and the occurrence of vertebral 

fractures in early adulthood.  The importance of gonadal function for bone health in CP needs to be 

established using DXA-derived measures, with the dose and formulation of sex-steroid replacement 

determined.  Maintenance of function and lean mass is difficult to achieve in this population, 

physiotherapy programs need to be designed and assessed for efficacy.  Further longitudinal data in 

older adults with CP are required to determine at which age bone loss occurs and if it occurs at a more 

rapid rate than the general population.  An evidence-based screening protocol for cardiometabolic 

health in adults with SB needs to be established to address increasing mortality secondary to its 

complications.   



172	
	
	
	 	

Chapter 6 - References 
 
1. Currey JD. The mechanical consequences of variation in the mineral content of bone. Journal 
of biomechanics. 1969;2(1):1-11. 
2. Viguet-Carrin S, Garnero P, Delmas PD. The role of collagen in bone strength. Osteoporosis 
international : a journal established as result of cooperation between the European Foundation for 
Osteoporosis and the National Osteoporosis Foundation of the USA. 2006;17(3):319-36. 
3. Parfitt AM. Osteonal and hemi-osteonal remodeling: the spatial and temporal framework for 
signal traffic in adult human bone. Journal of cellular biochemistry. 1994;55(3):273-86. 
4. Manolagas SC. Birth and death of bone cells: basic regulatory mechanisms and implications 
for the pathogenesis and treatment of osteoporosis. Endocrine reviews. 2000;21(2):115-37. 
5. Robling AG, Niziolek PJ, Baldridge LA, Condon KW, Allen MR, Alam I, et al. Mechanical 
stimulation of bone in vivo reduces osteocyte expression of Sost/sclerostin. The Journal of biological 
chemistry. 2008;283(9):5866-75. 
6. Osteoporosis Australia. What you need to know about osteoporosis 2015 [Available from: 
http://www.osteoporosis.org.au/sites/default/files/files/oa_consumer_ed2_Aug2014.pdf. 
7. Harvey N DE, Cooper C. Epidemiology of osteoporotic fractures. 7th ed. Washington, DC: The 
American Society for Bone and Mineral Research; 2008. 
8. Bliuc D, Nguyen ND, Milch VE, Nguyen TV, Eisman JA, Center JR. Mortality risk associated 
with low-trauma osteoporotic fracture and subsequent fracture in men and women. Jama. 
2009;301(5):513-21. 
9. Assessment of fracture risk and its application to screening for postmenopausal 
osteoporosis. Report of a WHO Study Group. World Health Organ Tech Rep Ser. 1994;843:1-129. 
10. Kanis JA, Melton LJ, 3rd, Christiansen C, Johnston CC, Khaltaev N. The diagnosis of 
osteoporosis. Journal of bone and mineral research : the official journal of the American Society for 
Bone and Mineral Research. 1994;9(8):1137-41. 
11. Leslie WD. Clinical review: Ethnic differences in bone mass--clinical implications. The Journal 
of clinical endocrinology and metabolism. 2012;97(12):4329-40. 
12. Crabtree NJ, Arabi A, Bachrach LK, Fewtrell M, El-Hajj Fuleihan G, Kecskemethy HH, et al. 
Dual-energy X-ray absorptiometry interpretation and reporting in children and adolescents: the 
revised 2013 ISCD Pediatric Official Positions. Journal of clinical densitometry : the official journal of 
the International Society for Clinical Densitometry. 2014;17(2):225-42. 
13. Bishop N, Arundel P, Clark E, Dimitri P, Farr J, Jones G, et al. Fracture prediction and the 
definition of osteoporosis in children and adolescents: the ISCD 2013 Pediatric Official Positions. 
Journal of clinical densitometry : the official journal of the International Society for Clinical 
Densitometry. 2014;17(2):275-80. 
14. Ferrari S, Bianchi ML, Eisman JA, Foldes AJ, Adami S, Wahl DA, et al. Osteoporosis in young 
adults: pathophysiology, diagnosis, and management. Osteoporosis international : a journal 
established as result of cooperation between the European Foundation for Osteoporosis and the 
National Osteoporosis Foundation of the USA. 2012;23(12):2735-48. 
15. Densitometry ISoC. Adult Official Positions of the International Society of Clinical 
Densitometry 2015  [updated 2015 October 232015 December 11]. Available from: 
https://iscd.app.box.com/OP-ISCD-2015-Adult-Eng. 
16. Peris P, Guanabens N, Monegal A, Suris X, Alvarez L, Martinez de Osaba MJ, et al. Aetiology 
and presenting symptoms in male osteoporosis. British journal of rheumatology. 1995;34(10):936-
41. 
17. Caplan GA, Scane AC, Francis RM. Pathogenesis of vertebral crush fractures in women. 
Journal of the Royal Society of Medicine. 1994;87(4):200-2. 
18. Baillie SP, Davison CE, Johnson FJ, Francis RM. Pathogenesis of vertebral crush fractures in 
men. Age and ageing. 1992;21(2):139-41. 



173	
	
	
	 	

19. Stanley HL, Schmitt BP, Poses RM, Deiss WP. Does hypogonadism contribute to the 
occurrence of a minimal trauma hip fracture in elderly men? Journal of the American Geriatrics 
Society. 1991;39(8):766-71. 
20. Buckley L, Humphrey MB. Glucocorticoid-Induced Osteoporosis. The New England journal of 
medicine. 2018;379(26):2547-56. 
21. Ferrari S. Human genetics of osteoporosis. Best practice & research Clinical endocrinology & 
metabolism. 2008;22(5):723-35. 
22. Riggs BL, Khosla S, Melton LJ, 3rd. The assembly of the adult skeleton during growth and 
maturation: implications for senile osteoporosis. The Journal of clinical investigation. 
1999;104(6):671-2. 
23. Berger C, Goltzman D, Langsetmo L, Joseph L, Jackson S, Kreiger N, et al. Peak bone mass 
from longitudinal data: implications for the prevalence, pathophysiology, and diagnosis of 
osteoporosis. Journal of bone and mineral research : the official journal of the American Society for 
Bone and Mineral Research. 2010;25(9):1948-57. 
24. Jefferson A, Fyfe S, Downs J, Woodhead H, Jacoby P, Leonard H. Longitudinal bone mineral 
content and density in Rett syndrome and their contributing factors. Bone. 2015;74:191-8. 
25. Gibson JC, Summers GD. Bone health in multiple sclerosis. Osteoporosis international : a 
journal established as result of cooperation between the European Foundation for Osteoporosis and 
the National Osteoporosis Foundation of the USA. 2011;22(12):2935-49. 
26. Schneider JL, Fink HA, Ewing SK, Ensrud KE, Cummings SR, Study of Osteoporotic Fractures 
Research G. The association of Parkinson's disease with bone mineral density and fracture in older 
women. Osteoporosis international : a journal established as result of cooperation between the 
European Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA. 
2008;19(7):1093-7. 
27. Demirel G, Yilmaz H, Paker N, Onel S. Osteoporosis after spinal cord injury. Spinal Cord. 
1998;36(12):822-5. 
28. Frost HM. Bone "mass" and the "mechanostat": a proposal. Anat Rec. 1987;219(1):1-9. 
29. Han Y, Cowin SC, Schaffler MB, Weinbaum S. Mechanotransduction and strain amplification 
in osteocyte cell processes. Proc Natl Acad Sci U S A. 2004;101(47):16689-94. 
30. Aarden EM, Burger EH, Nijweide PJ. Function of osteocytes in bone. Journal of cellular 
biochemistry. 1994;55(3):287-99. 
31. Papanicolaou SE, Phipps RJ, Fyhrie DP, Genetos DC. Modulation of sclerostin expression by 
mechanical loading and bone morphogenetic proteins in osteogenic cells. Biorheology. 
2009;46(5):389-99. 
32. Moustafa A, Sugiyama T, Prasad J, Zaman G, Gross TS, Lanyon LE, et al. Mechanical loading-
related changes in osteocyte sclerostin expression in mice are more closely associated with the 
subsequent osteogenic response than the peak strains engendered. Osteoporosis international : a 
journal established as result of cooperation between the European Foundation for Osteoporosis and 
the National Osteoporosis Foundation of the USA. 2012;23(4):1225-34. 
33. Sapir-Koren R, Livshits G. Osteocyte control of bone remodeling: is sclerostin a key molecular 
coordinator of the balanced bone resorption-formation cycles? Osteoporosis international : a journal 
established as result of cooperation between the European Foundation for Osteoporosis and the 
National Osteoporosis Foundation of the USA. 2014;25(12):2685-700. 
34. Cabahug-Zuckerman P, Frikha-Benayed D, Majeska RJ, Tuthill A, Yakar S, Judex S, et al. 
Osteocyte Apoptosis Caused by Hindlimb Unloading is Required to Trigger Osteocyte RANKL 
Production and Subsequent Resorption of Cortical and Trabecular Bone in Mice Femurs. Journal of 
bone and mineral research : the official journal of the American Society for Bone and Mineral 
Research. 2016;31(7):1356-65. 
35. Gaudio A, Pennisi P, Bratengeier C, Torrisi V, Lindner B, Mangiafico RA, et al. Increased 
sclerostin serum levels associated with bone formation and resorption markers in patients with 



174	
	
	
	 	

immobilization-induced bone loss. The Journal of clinical endocrinology and metabolism. 
2010;95(5):2248-53. 
36. Shin YK, Yoon YK, Chung KB, Rhee Y, Cho SR. Patients with non-ambulatory cerebral palsy 
have higher sclerostin levels and lower bone mineral density than patients with ambulatory cerebral 
palsy. Bone. 2017;103:302-7. 
37. Veilleux LN, Rauch F. Muscle-Bone Interactions in Pediatric Bone Diseases. Current 
osteoporosis reports. 2017;15(5):425-32. 
38. Allington N, Vivegnis D, Gerard P. Cyclic administration of pamidronate to treat osteoporosis 
in children with cerebral palsy or a neuromuscular disorder: a clinical study. Acta orthopaedica 
Belgica. 2005;71(1):91-7. 
39. Blair E, Langdon K, McIntyre S, Lawrence D, Watson L. Survival and mortality in cerebral 
palsy: observations to the sixth decade from a data linkage study of a total population register and 
National Death Index. BMC neurology. 2019;19(1):111. 
40. Warden SJ, Bennell KL, Matthews B, Brown DJ, McMeeken JM, Wark JD. Quantitative 
ultrasound assessment of acute bone loss following spinal cord injury: a longitudinal pilot study. 
Osteoporosis international : a journal established as result of cooperation between the European 
Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA. 2002;13(7):586-
92. 
41. Cirnigliaro CM, Myslinski MJ, La Fountaine MF, Kirshblum SC, Forrest GF, Bauman WA. Bone 
loss at the distal femur and proximal tibia in persons with spinal cord injury: imaging approaches, 
risk of fracture, and potential treatment options. Osteoporosis international : a journal established 
as result of cooperation between the European Foundation for Osteoporosis and the National 
Osteoporosis Foundation of the USA. 2017;28(3):747-65. 
42. Grisso JA, Kelsey JL, Strom BL, Chiu GY, Maislin G, O'Brien LA, et al. Risk factors for falls as a 
cause of hip fracture in women. The Northeast Hip Fracture Study Group. The New England journal 
of medicine. 1991;324(19):1326-31. 
43. Bax MC, Flodmark O, Tydeman C. Definition and classification of cerebral palsy. From 
syndrome toward disease. Dev Med Child Neurol Suppl. 2007;109:39-41. 
44. Rosenbaum P, Paneth N, Leviton A, Goldstein M, Bax M, Damiano D, et al. A report: the 
definition and classification of cerebral palsy April 2006. Dev Med Child Neurol Suppl. 2007;109:8-14. 
45. Tessier DW, Hefner JL, Newmeyer A. Factors related to psychosocial quality of life for 
children with cerebral palsy. Int J Pediatr. 2014;2014:204386. 
46. Colver A, Fairhurst C, Pharoah PO. Cerebral palsy. Lancet. 2014;383(9924):1240-9. 
47. Krigger KW. Cerebral palsy: an overview. Am Fam Physician. 2006;73(1):91-100. 
48. McIntyre S, Taitz D, Keogh J, Goldsmith S, Badawi N, Blair E. A systematic review of risk 
factors for cerebral palsy in children born at term in developed countries. Developmental medicine 
and child neurology. 2013;55(6):499-508. 
49. Nelson KB, Blair E. Prenatal Factors in Singletons with Cerebral Palsy Born at or near Term. 
The New England journal of medicine. 2015;373(10):946-53. 
50. Strijbis EM, Oudman I, van Essen P, MacLennan AH. Cerebral palsy and the application of the 
international criteria for acute intrapartum hypoxia. Obstet Gynecol. 2006;107(6):1357-65. 
51. Nelson KB. What proportion of cerebral palsy is related to birth asphyxia? The Journal of 
pediatrics. 1988;112(4):572-4. 
52. MacLennan AH, Thompson SC, Gecz J. Cerebral palsy: causes, pathways, and the role of 
genetic variants. Am J Obstet Gynecol. 2015. 
53. Tollanes MC, Wilcox AJ, Lie RT, Moster D. Familial risk of cerebral palsy: population based 
cohort study. BMJ. 2014;349:g4294. 
54. Petterson B, Stanley F, Henderson D. Cerebral palsy in multiple births in Western Australia: 
genetic aspects. Am J Med Genet. 1990;37(3):346-51. 



175	
	
	
	 	

55. O'Callaghan ME, MacLennan AH, Gibson CS, McMichael GL, Haan EA, Broadbent JL, et al. 
Epidemiologic associations with cerebral palsy. Obstet Gynecol. 2011;118(3):576-82. 
56. Blair E, Al Asedy F, Badawi N, Bower C. Is cerebral palsy associated with birth defects other 
than cerebral defects? Developmental medicine and child neurology. 2007;49(4):252-8. 
57. Garne E, Dolk H, Krageloh-Mann I, Holst Ravn S, Cans C, Group SC. Cerebral palsy and 
congenital malformations. Eur J Paediatr Neurol. 2008;12(2):82-8. 
58. Moreno-De-Luca A, Ledbetter DH, Martin CL. Genetic [corrected] insights into the causes 
and classification of [corrected] cerebral palsies. Lancet Neurol. 2012;11(3):283-92. 
59. McMichael G, Bainbridge MN, Haan E, Corbett M, Gardner A, Thompson S, et al. Whole-
exome sequencing points to considerable genetic heterogeneity of cerebral palsy. Mol Psychiatry. 
2015;20(2):176-82. 
60. Segel R, Ben-Pazi H, Zeligson S, Fatal-Valevski A, Aran A, Gross-Tsur V, et al. Copy number 
variations in cryptogenic cerebral palsy. Neurology. 2015;84(16):1660-8. 
61. Oskoui M, Gazzellone MJ, Thiruvahindrapuram B, Zarrei M, Andersen J, Wei J, et al. Clinically 
relevant copy number variations detected in cerebral palsy. Nat Commun. 2015;6:7949. 
62. Yeargin-Allsopp M, Van Naarden Braun K, Doernberg NS, Benedict RE, Kirby RS, Durkin MS. 
Prevalence of cerebral palsy in 8-year-old children in three areas of the United States in 2002: a 
multisite collaboration. Pediatrics. 2008;121(3):547-54. 
63. Stanley FJ, Watson L. Trends in perinatal mortality and cerebral palsy in Western Australia, 
1967 to 1985. BMJ. 1992;304(6843):1658-63. 
64. Hagberg B, Hagberg G, Olow I, von Wendt L. The changing panorama of cerebral palsy in 
Sweden. VII. Prevalence and origin in the birth year period 1987-90. Acta Paediatr. 1996;85(8):954-
60. 
65. Oskoui M, Coutinho F, Dykeman J, Jette N, Pringsheim T. An update on the prevalence of 
cerebral palsy: a systematic review and meta-analysis. Developmental medicine and child neurology. 
2013;55(6):509-19. 
66. Institute CPAR. Australian Cerebral Palsy Register. Report 2013. 2013. 
67. Hemming K, Hutton JL, Pharoah PO. Long-term survival for a cohort of adults with cerebral 
palsy. Developmental medicine and child neurology. 2006;48(2):90-5. 
68. Blair E, Watson L, Badawi N, Stanley FJ. Life expectancy among people with cerebral palsy in 
Western Australia. Developmental medicine and child neurology. 2001;43(8):508-15. 
69. Strauss D, Cable W, Shavelle R. Causes of excess mortality in cerebral palsy. Developmental 
medicine and child neurology. 1999;41(9):580-5. 
70. Himmelmann K, Sundh V. Survival with cerebral palsy over five decades in western Sweden. 
Developmental medicine and child neurology. 2015;57(8):762-7. 
71. Hutton JL, Pharoah PO. Effects of cognitive, motor, and sensory disabilities on survival in 
cerebral palsy. Archives of disease in childhood. 2002;86(2):84-9. 
72. Peterson MD, Ryan JM, Hurvitz EA, Mahmoudi E. Chronic Conditions in Adults With Cerebral 
Palsy. Jama. 2015;314(21):2303-5. 
73. Whitney DG, Hurvitz EA, Ryan JM, Devlin MJ, Caird MS, French ZP, et al. Noncommunicable 
disease and multimorbidity in young adults with cerebral palsy. Clinical epidemiology. 2018;10:511-
9. 
74. Whitney DG, Alford AI, Devlin MJ, Caird MS, Hurvitz EA, Peterson MD. Adults With Cerebral 
Palsy Have Higher Prevalence of Fracture Compared With Adults Without Cerebral Palsy 
Independent of Osteoporosis and Cardiometabolic Diseases. Journal of bone and mineral research : 
the official journal of the American Society for Bone and Mineral Research. 2019. 
75. Bottos M, Feliciangeli A, Sciuto L, Gericke C, Vianello A. Functional status of adults with 
cerebral palsy and implications for treatment of children. Developmental medicine and child 
neurology. 2001;43(8):516-28. 



176	
	
	
	 	

76. Murphy KP, Molnar GE, Lankasky K. Employment and social issues in adults with cerebral 
palsy. Archives of physical medicine and rehabilitation. 2000;81(6):807-11. 
77. Surveillance of Cerebral Palsy in E. Surveillance of cerebral palsy in Europe: a collaboration of 
cerebral palsy surveys and registers. Surveillance of Cerebral Palsy in Europe (SCPE). Developmental 
medicine and child neurology. 2000;42(12):816-24. 
78. Palisano R, Rosenbaum P, Walter S, Russell D, Wood E, Galuppi B. Development and 
reliability of a system to classify gross motor function in children with cerebral palsy. Developmental 
medicine and child neurology. 1997;39(4):214-23. 
79. Morris C, Galuppi BE, Rosenbaum PL. Reliability of family report for the Gross Motor 
Function Classification System. Developmental medicine and child neurology. 2004;46(7):455-60. 
80. Jahnsen R, Aamodt G, Rosenbaum P. Gross Motor Function Classification System used in 
adults with cerebral palsy: agreement of self-reported versus professional rating. Developmental 
medicine and child neurology. 2006;48(9):734-8. 
81. Koop SE. Scoliosis in cerebral palsy. Developmental medicine and child neurology. 2009;51 
Suppl 4:92-8. 
82. Spiegel DA, Flynn JM. Evaluation and treatment of hip dysplasia in cerebral palsy. Orthop 
Clin North Am. 2006;37(2):185-96, vi. 
83. Robin J, Graham HK, Selber P, Dobson F, Smith K, Baker R. Proximal femoral geometry in 
cerebral palsy: a population-based cross-sectional study. J Bone Joint Surg Br. 2008;90(10):1372-9. 
84. Kentish M, Wynter M, Snape N, Boyd R. Five-year outcome of state-wide hip surveillance of 
children and adolescents with cerebral palsy. J Pediatr Rehabil Med. 2011;4(3):205-17. 
85. Hagglund G, Andersson S, Duppe H, Lauge-Pedersen H, Nordmark E, Westbom L. Prevention 
of dislocation of the hip in children with cerebral palsy. The first ten years of a population-based 
prevention programme. J Bone Joint Surg Br. 2005;87(1):95-101. 
86. Tedroff K, Lowing K, Jacobson DN, Astrom E. Does loss of spasticity matter? A 10-year 
follow-up after selective dorsal rhizotomy in cerebral palsy. Developmental medicine and child 
neurology. 2011;53(8):724-9. 
87. Sheridan KJ. Osteoporosis in adults with cerebral palsy. Developmental medicine and child 
neurology. 2009;51 Suppl 4:38-51. 
88. Henderson RC, Lark RK, Gurka MJ, Worley G, Fung EB, Conaway M, et al. Bone density and 
metabolism in children and adolescents with moderate to severe cerebral palsy. Pediatrics. 
2002;110(1 Pt 1):e5. 
89. Henderson RC, Kairalla J, Abbas A, Stevenson RD. Predicting low bone density in children and 
young adults with quadriplegic cerebral palsy. Developmental medicine and child neurology. 
2004;46(6):416-9. 
90. Mergler S, Evenhuis HM, Boot AM, De Man SA, Bindels-De Heus KG, Huijbers WA, et al. 
Epidemiology of low bone mineral density and fractures in children with severe cerebral palsy: a 
systematic review. Developmental medicine and child neurology. 2009;51(10):773-8. 
91. Cremer N, Hurvitz EA, Peterson MD. Multimorbidity in Middle-Aged Adults with Cerebral 
Palsy. Am J Med. 2017;130(6):744 e9- e15. 
92. Fowler EG, Rao S, Nattiv A, Heberer K, Oppenheim WL. Bone Density in Premenopausal 
Women and Men Under 50 Years of Age With Cerebral Palsy. Archives of physical medicine and 
rehabilitation. 2015;96(7):1304-9. 
93. Henderson RC, Kairalla JA, Barrington JW, Abbas A, Stevenson RD. Longitudinal changes in 
bone density in children and adolescents with moderate to severe cerebral palsy. The Journal of 
pediatrics. 2005;146(6):769-75. 
94. Grossberg R, Blackford MG, Kecskemethy HH, Henderson R, Reed MD. Longitudinal 
assessment of bone growth and development in a facility-based population of young adults with 
cerebral palsy. Developmental medicine and child neurology. 2015;57(11):1064-9. 



177	
	
	
	 	

95. Marciniak C, Gabet J, Lee J, Ma M, Brander K, Wysocki N. Osteoporosis in adults with 
cerebral palsy: feasibility of DXA screening and risk factors for low bone density. Osteoporosis 
international : a journal established as result of cooperation between the European Foundation for 
Osteoporosis and the National Osteoporosis Foundation of the USA. 2016;27(4):1477-84. 
96. Stevenson RD, Conaway M, Barrington JW, Cuthill SL, Worley G, Henderson RC. Fracture rate 
in children with cerebral palsy. Pediatr Rehabil. 2006;9(4):396-403. 
97. Leet AI, Mesfin A, Pichard C, Launay F, Brintzenhofeszoc K, Levey EB, et al. Fractures in 
children with cerebral palsy. Journal of pediatric orthopedics. 2006;26(5):624-7. 
98. Bischof F, Basu D, Pettifor JM. Pathological long-bone fractures in residents with cerebral 
palsy in a long-term care facility in South Africa. Developmental medicine and child neurology. 
2002;44(2):119-22. 
99. Henderson RC. Bone density and other possible predictors of fracture risk in children and 
adolescents with spastic quadriplegia. Developmental medicine and child neurology. 
1997;39(4):224-7. 
100. Uddenfeldt Wort U, Nordmark E, Wagner P, Duppe H, Westbom L. Fractures in children with 
cerebral palsy: a total population study. Developmental medicine and child neurology. 
2013;55(9):821-6. 
101. Presedo A, Dabney KW, Miller F. Fractures in patients with cerebral palsy. Journal of 
pediatric orthopedics. 2007;27(2):147-53. 
102. Trinh A, Fahey MC, Brown J, Fuller PJ, Milat F. Optimizing bone health in cerebral palsy 
across the lifespan. Developmental medicine and child neurology. 2017;59(2):232-3. 
103. Lewis MK, Blake GM, Fogelman I. Patient dose in dual x-ray absorptiometry. Osteoporosis 
international : a journal established as result of cooperation between the European Foundation for 
Osteoporosis and the National Osteoporosis Foundation of the USA. 1994;4(1):11-5. 
104. Khan KM, Henzell SL, Broderick C, Prince RL, Saul A, Lomman J, et al. Instrument 
performance in bone density testing at five Australian centres. Aust N Z J Med. 1997;27(5):526-30. 
105. Iscd.org. ISCD Official Positions - Adult - International Society for Clinical Densitometry (ISCD) 
http://www.iscd.org/official-positions/2015-iscd-official-positions-adult/2015 [Available from: 
http://www.iscd.org/official-positions/2015-iscd-official-positions-adult/. 
106. Cummings SR, Black DM, Nevitt MC, Browner W, Cauley J, Ensrud K, et al. Bone density at 
various sites for prediction of hip fractures. The Study of Osteoporotic Fractures Research Group. 
Lancet. 1993;341(8837):72-5. 
107. Kanis JA, Johnell O, Oden A, Johansson H, McCloskey E. FRAX and the assessment of fracture 
probability in men and women from the UK. Osteoporosis international : a journal established as 
result of cooperation between the European Foundation for Osteoporosis and the National 
Osteoporosis Foundation of the USA. 2008;19(4):385-97. 
108. Bachrach LK, Sills IN, Kaplowitz PB, Varma SK, Bloch CA, Clarke WL, et al. Clinical report - 
Bone densitometry in children and adolescents. Pediatrics. 2011;127(1):189-94. 
109. Bachrach LK. Osteoporosis in children: Still a diagnostic challenge. Journal of Clinical 
Endocrinology and Metabolism. 2007;92(6):2030-2. 
110. Carter DR, Bouxsein ML, Marcus R. New approaches for interpreting projected bone 
densitometry data. Journal of bone and mineral research : the official journal of the American 
Society for Bone and Mineral Research. 1992;7(2):137-45. 
111. Compston JE. Bone density: BMC, BMD, or corrected BMD? Bone. 1995;16(1):5-7. 
112. Cummings SR, Marcus R, Palermo L, Ensrud KE, Genant HK. Does estimating volumetric bone 
density of the femoral neck improve the prediction of hip fracture? A prospective study. Study of 
Osteoporotic Fractures Research Group. Journal of bone and mineral research : the official journal of 
the American Society for Bone and Mineral Research. 1994;9(9):1429-32. 
113. Tabensky AD, Williams J, DeLuca V, Briganti E, Seeman E. Bone mass, areal, and volumetric 
bone density are equally accurate, sensitive, and specific surrogates of the breaking strength of the 



178	
	
	
	 	

vertebral body: an in vitro study. Journal of bone and mineral research : the official journal of the 
American Society for Bone and Mineral Research. 1996;11(12):1981-8. 
114. Harcke HT, Taylor A, Bachrach S, Miller F, Henderson RC. Lateral femoral scan: an alternative 
method for assessing bone mineral density in children with cerebral palsy. Pediatr Radiol. 
1998;28(4):241-6. 
115. Henderson RC, Lark RK, Newman JE, Kecskemthy H, Fung EB, Renner JB, et al. Pediatric 
reference data for dual X-ray absorptiometric measures of normal bone density in the distal femur. 
AJR Am J Roentgenol. 2002;178(2):439-43. 
116. Zemel BS, Stallings VA, Leonard MB, Paulhamus DR, Kecskemethy HH, Harcke HT, et al. 
Revised pediatric reference data for the lateral distal femur measured by Hologic Discovery/Delphi 
dual-energy X-ray absorptiometry. Journal of clinical densitometry : the official journal of the 
International Society for Clinical Densitometry. 2009;12(2):207-18. 
117. Henderson RC, Berglund LM, May R, Zemel BS, Grossberg RI, Johnson J, et al. The 
relationship between fractures and DXA measures of BMD in the distal femur of children and 
adolescents with cerebral palsy or muscular dystrophy. Journal of bone and mineral research : the 
official journal of the American Society for Bone and Mineral Research. 2010;25(3):520-6. 
118. Henderson RC, Lin PP, Greene WB. Bone-mineral density in children and adolescents who 
have spastic cerebral palsy. J Bone Joint Surg Am. 1995;77(11):1671-81. 
119. Khoury DJ, Szalay EA. Bone mineral density correlation with fractures in nonambulatory 
pediatric patients. Journal of pediatric orthopedics. 2007;27(5):562-6. 
120. Yoon YK, Kim AR, Kim OY, Lee K, Suh YJ, Cho SR. Factors affecting bone mineral density in 
adults with cerebral palsy. Ann Rehabil Med. 2012;36(6):770-5. 
121. Kim W, Lee SJ, Yoon YK, Shin YK, Cho SR, Rhee Y. Adults with spastic cerebral palsy have 
lower bone mass than those with dyskinetic cerebral palsy. Bone. 2015;71:89-93. 
122. Henderson RC, Henderson BA, Kecskemethy HH, Hidalgo ST, Nikolova BA, Sheridan K, et al. 
Adaptation of the lateral distal femur DXA scan technique to adults with disabilities. Journal of 
clinical densitometry : the official journal of the International Society for Clinical Densitometry. 
2015;18(1):102-8. 
123. Heymsfield SB, Wang J, Heshka S, Kehayias JJ, Pierson RN. Dual-photon absorptiometry: 
comparison of bone mineral and soft tissue mass measurements in vivo with established methods. 
The American journal of clinical nutrition. 1989;49(6):1283-9. 
124. Tothill P, Han TS, Avenell A, McNeill G, Reid DM. Comparisons between fat measurements by 
dual-energy X-ray absorptiometry, underwater weighing and magnetic resonance imaging in healthy 
women. European journal of clinical nutrition. 1996;50(11):747-52. 
125. Finbraten AK, Martins C, Andersen GL, Skranes J, Brannsether B, Juliusson PB, et al. 
Assessment of body composition in children with cerebral palsy: a cross-sectional study in Norway. 
Developmental medicine and child neurology. 2015;57(9):858-64. 
126. Walker JL, Bell KL, Stevenson RD, Weir KA, Boyd RN, Davies PS. Differences in body 
composition according to functional ability in preschool-aged children with cerebral palsy. Clinical 
nutrition. 2015;34(1):140-5. 
127. Peterson MD, Zhang P, Haapala HJ, Wang SC, Hurvitz EA. Greater Adipose Tissue Distribution 
and Diminished Spinal Musculoskeletal Density in Adults With Cerebral Palsy. Archives of physical 
medicine and rehabilitation. 2015;96(10):1828-33. 
128. Noble JJ, Charles-Edwards GD, Keevil SF, Lewis AP, Gough M, Shortland AP. Intramuscular fat 
in ambulant young adults with bilateral spastic cerebral palsy. BMC musculoskeletal disorders. 
2014;15:236. 
129. Whitney DG, Singh H, Miller F, Barbe MF, Slade JM, Pohlig RT, et al. Cortical bone deficit and 
fat infiltration of bone marrow and skeletal muscle in ambulatory children with mild spastic cerebral 
palsy. Bone. 2017;94:90-7. 



179	
	
	
	 	

130. Hildreth HG, Johnson RK, Goran MI, Contompasis SH. Body composition in adults with 
cerebral palsy by dual-energy X-ray absorptiometry, bioelectrical impedance analysis, and skinfold 
anthropometry compared with the 18O isotope-dilution technique. The American journal of clinical 
nutrition. 1997;66(6):1436-42. 
131. Link TM, Majumdar S. Current diagnostic techniques in the evaluation of bone architecture. 
Current osteoporosis reports. 2004;2(2):47-52. 
132. Rubin CD. Emerging concepts in osteoporosis and bone strength. Current medical research 
and opinion. 2005;21(7):1049-56. 
133. Binkley T, Johnson J, Vogel L, Kecskemethy H, Henderson R, Specker B. Bone measurements 
by peripheral quantitative computed tomography (pQCT) in children with cerebral palsy. The Journal 
of pediatrics. 2005;147(6):791-6. 
134. Al Wren T, Lee DC, Kay RM, Dorey FJ, Gilsanz V. Bone density and size in ambulatory children 
with cerebral palsy. Developmental medicine and child neurology. 2011;53(2):137-41. 
135. Tasdemir HA, Buyukavci M, Akcay F, Polat P, Yildiran A, Karakelleoglu C. Bone mineral 
density in children with cerebral palsy. Pediatrics international : official journal of the Japan Pediatric 
Society. 2001;43(2):157-60. 
136. Pickhardt PJ, Lee LJ, del Rio AM, Lauder T, Bruce RJ, Summers RM, et al. Simultaneous 
screening for osteoporosis at CT colonography: bone mineral density assessment using MDCT 
attenuation techniques compared with the DXA reference standard. Journal of bone and mineral 
research : the official journal of the American Society for Bone and Mineral Research. 
2011;26(9):2194-203. 
137. Moon SY, Kwon SS, Cho BC, Chung CY, Lee KM, Sung KH, et al. Osteopenic features of the hip 
joint in patients with cerebral palsy: a hospital-based study. Developmental medicine and child 
neurology. 2016;58(11):1153-8. 
138. Modlesky CM, Subramanian P, Miller F. Underdeveloped trabecular bone microarchitecture 
is detected in children with cerebral palsy using high-resolution magnetic resonance imaging. 
Osteoporosis international : a journal established as result of cooperation between the European 
Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA. 2008;19(2):169-
76. 
139. Modlesky CM, Whitney DG, Singh H, Barbe MF, Kirby JT, Miller F. Underdevelopment of 
trabecular bone microarchitecture in the distal femur of nonambulatory children with cerebral palsy 
becomes more pronounced with distance from the growth plate. Osteoporosis international : a 
journal established as result of cooperation between the European Foundation for Osteoporosis and 
the National Osteoporosis Foundation of the USA. 2015;26(2):505-12. 
140. Noble JJ, Fry N, Lewis AP, Charles-Edwards GD, Keevil SF, Gough M, et al. Bone strength is 
related to muscle volume in ambulant individuals with bilateral spastic cerebral palsy. Bone. 
2014;66:251-5. 
141. Modlesky CM, Kanoff SA, Johnson DL, Subramanian P, Miller F. Evaluation of the femoral 
midshaft in children with cerebral palsy using magnetic resonance imaging. Osteoporosis 
international : a journal established as result of cooperation between the European Foundation for 
Osteoporosis and the National Osteoporosis Foundation of the USA. 2009;20(4):609-15. 
142. Giangregorio LM, Gibbs JC, Craven BC. Measuring muscle and bone in individuals with 
neurologic impairment; lessons learned about participant selection and pQCT scan acquisition and 
analysis. Osteoporosis international : a journal established as result of cooperation between the 
European Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA. 
2016;27(8):2433-46. 
143. Silva BC, Leslie WD, Resch H, Lamy O, Lesnyak O, Binkley N, et al. Trabecular bone score: a 
noninvasive analytical method based upon the DXA image. Journal of bone and mineral research : 
the official journal of the American Society for Bone and Mineral Research. 2014;29(3):518-30. 



180	
	
	
	 	

144. Bousson V, Bergot C, Sutter B, Levitz P, Cortet B, Scientific Committee of the Groupe de 
Recherche et d'Information sur les O. Trabecular bone score (TBS): available knowledge, clinical 
relevance, and future prospects. Osteoporosis international : a journal established as result of 
cooperation between the European Foundation for Osteoporosis and the National Osteoporosis 
Foundation of the USA. 2012;23(5):1489-501. 
145. Roux JP, Wegrzyn J, Boutroy S, Bouxsein ML, Hans D, Chapurlat R. The predictive value of 
trabecular bone score (TBS) on whole lumbar vertebrae mechanics: an ex vivo study. Osteoporosis 
international : a journal established as result of cooperation between the European Foundation for 
Osteoporosis and the National Osteoporosis Foundation of the USA. 2013;24(9):2455-60. 
146. Hans D, Barthe N, Boutroy S, Pothuaud L, Winzenrieth R, Krieg MA. Correlations between 
trabecular bone score, measured using anteroposterior dual-energy X-ray absorptiometry 
acquisition, and 3-dimensional parameters of bone microarchitecture: an experimental study on 
human cadaver vertebrae. Journal of clinical densitometry : the official journal of the International 
Society for Clinical Densitometry. 2011;14(3):302-12. 
147. McCloskey EV, Oden A, Harvey NC, Leslie WD, Hans D, Johansson H, et al. A Meta-Analysis of 
Trabecular Bone Score in Fracture Risk Prediction and Its Relationship to FRAX. Journal of bone and 
mineral research : the official journal of the American Society for Bone and Mineral Research. 
2016;31(5):940-8. 
148. McCloskey EV, Oden A, Harvey NC, Leslie WD, Hans D, Johansson H, et al. Adjusting fracture 
probability by trabecular bone score. Calcified tissue international. 2015;96(6):500-9. 
149. Silva BC, Broy SB, Boutroy S, Schousboe JT, Shepherd JA, Leslie WD. Fracture Risk Prediction 
by Non-BMD DXA Measures: the 2015 ISCD Official Positions Part 2: Trabecular Bone Score. Journal 
of clinical densitometry : the official journal of the International Society for Clinical Densitometry. 
2015;18(3):309-30. 
150. Nakano H, Aoyagi K, Ohgi S, Akiyama T. Factors influencing metacarpal bone mineral density 
in adults with cerebral palsy. Journal of bone and mineral metabolism. 2003;21(6):409-14. 
151. Pfeil A, Haugeberg G, Renz DM, Reinhardt L, Jung C, Franz M, et al. Digital X-ray 
radiogrammetry and its sensitivity and specificity for the identification of rheumatoid arthritis-
related cortical hand bone loss. Journal of bone and mineral metabolism. 2017;35(2):192-8. 
152. Krieg MA, Barkmann R, Gonnelli S, Stewart A, Bauer DC, Del Rio Barquero L, et al. 
Quantitative ultrasound in the management of osteoporosis: the 2007 ISCD Official Positions. 
Journal of clinical densitometry : the official journal of the International Society for Clinical 
Densitometry. 2008;11(1):163-87. 
153. iscd.org. 2019 ISCD Official Positions - Adult https://www.iscd.org/official-positions/2019-
iscd-official-positions-adult/2019 [Available from: https://www.iscd.org/official-positions/2019-iscd-
official-positions-adult/. 
154. Jekovec-Vrhovsek M, Kocijancic A, Prezelj J. Quantitative ultrasound of the calcaneus in 
children and young adults with severe cerebral palsy. Developmental medicine and child neurology. 
2005;47(10):696-8. 
155. Szulc P. Bone turnover: Biology and assessment tools. Best practice & research Clinical 
endocrinology & metabolism. 2018;32(5):725-38. 
156. Vasikaran S, Eastell R, Bruyere O, Foldes AJ, Garnero P, Griesmacher A, et al. Markers of 
bone turnover for the prediction of fracture risk and monitoring of osteoporosis treatment: a need 
for international reference standards. Osteoporosis international : a journal established as result of 
cooperation between the European Foundation for Osteoporosis and the National Osteoporosis 
Foundation of the USA. 2011;22(2):391-420. 
157. Lundberg A. Oxygen consumption in relation to work load in students with cerebral palsy. 
Journal of applied physiology. 1976;40(6):873-5. 
158. Johnson RK, Goran MI, Ferrara MS, Poehlman ET. Athetosis increases resting metabolic rate 
in adults with cerebral palsy. Journal of the American Dietetic Association. 1996;96(2):145-8. 



181	
	
	
	 	

159. Stallings VA, Zemel BS, Davies JC, Cronk CE, Charney EB. Energy expenditure of children and 
adolescents with severe disabilities: a cerebral palsy model. The American journal of clinical 
nutrition. 1996;64(4):627-34. 
160. Bandini LG, Schoeller DA, Fukagawa NK, Wykes LJ, Dietz WH. Body composition and energy 
expenditure in adolescents with cerebral palsy or myelodysplasia. Pediatric research. 1991;29(1):70-
7. 
161. Gantasala S, Sullivan PB, Thomas AG. Gastrostomy feeding versus oral feeding alone for 
children with cerebral palsy. The Cochrane database of systematic reviews. 2013(7):CD003943. 
162. Rempel GR, Colwell SO, Nelson RP. Growth in children with cerebral palsy fed via 
gastrostomy. Pediatrics. 1988;82(6):857-62. 
163. Finbraten AK, Syversen U, Skranes J, Andersen GL, Stevenson RD, Vik T. Bone mineral density 
and vitamin D status in ambulatory and non-ambulatory children with cerebral palsy. Osteoporosis 
international : a journal established as result of cooperation between the European Foundation for 
Osteoporosis and the National Osteoporosis Foundation of the USA. 2015;26(1):141-50. 
164. Bogl LH, Latvala A, Kaprio J, Sovijarvi O, Rissanen A, Pietilainen KH. An investigation into the 
relationship between soft tissue body composition and bone mineral density in a young adult twin 
sample. Journal of bone and mineral research : the official journal of the American Society for Bone 
and Mineral Research. 2011;26(1):79-87. 
165. Kerr DA, Papalia S, Morton A, Dick I, Dhaliwal S, Prince RL. Bone mass in young women is 
dependent on lean body mass. Journal of clinical densitometry : the official journal of the 
International Society for Clinical Densitometry. 2007;10(3):319-26. 
166. Johnson DL, Miller F, Subramanian P, Modlesky CM. Adipose tissue infiltration of skeletal 
muscle in children with cerebral palsy. The Journal of pediatrics. 2009;154(5):715-20. 
167. Chen CL, Lin KC, Wu CY, Ke JY, Wang CJ, Chen CY. Relationships of muscle strength and bone 
mineral density in ambulatory children with cerebral palsy. Osteoporosis international : a journal 
established as result of cooperation between the European Foundation for Osteoporosis and the 
National Osteoporosis Foundation of the USA. 2012;23(2):715-21. 
168. Morgan P, McGinley J. Performance of adults with cerebral palsy related to falls, balance and 
function: a preliminary report. Dev Neurorehabil. 2013;16(2):113-20. 
169. Opheim A, Jahnsen R, Olsson E, Stanghelle JK. Balance in relation to walking deterioration in 
adults with spastic bilateral cerebral palsy. Phys Ther. 2012;92(2):279-88. 
170. Morgan P, McDonald R, McGinley J. Perceived cause, environmental factors, and 
consequences of falls in adults with cerebral palsy: a preliminary mixed methods study. Rehabil Res 
Pract. 2015;2015:196395. 
171. Matsuda PN, Verrall AM, Finlayson ML, Molton IR, Jensen MP. Falls among adults aging with 
disability. Archives of physical medicine and rehabilitation. 2015;96(3):464-71. 
172. Morgan PE, Soh SE, McGinley JL. Health-related quality of life of ambulant adults with 
cerebral palsy and its association with falls and mobility decline: a preliminary cross sectional study. 
Health Qual Life Outcomes. 2014;12:132. 
173. Kirby RL, Ackroyd-Stolarz SA, Brown MG, Kirkland SA, MacLeod DA. Wheelchair-related 
accidents caused by tips and falls among noninstitutionalized users of manually propelled 
wheelchairs in Nova Scotia. Am J Phys Med Rehabil. 1994;73(5):319-30. 
174. Hadjipanayis A, Hadjichristodoulou C, Youroukos S. Epilepsy in patients with cerebral palsy. 
Developmental medicine and child neurology. 1997;39(10):659-63. 
175. Kwong KL, Wong SN, So KT. Epilepsy in children with cerebral palsy. Pediatr Neurol. 
1998;19(1):31-6. 
176. Aicardi J. Epilepsy in brain-injured children. Developmental medicine and child neurology. 
1990;32(3):191-202. 
177. Sheth RD, Gidal BE, Hermann BP. Pathological fractures in epilepsy. Epilepsy Behav. 
2006;9(4):601-5. 



182	
	
	
	 	

178. Fitzpatrick LA. Pathophysiology of bone loss in patients receiving anticonvulsant therapy. 
Epilepsy Behav. 2004;5 Suppl 2:S3-15. 
179. Coppola G, Fortunato D, Mainolfi C, Porcaro F, Roccaro D, Signoriello G, et al. Bone mineral 
density in a population of children and adolescents with cerebral palsy and mental retardation with 
or without epilepsy. Epilepsia. 2012;53(12):2172-7. 
180. Esen I, Demirel F, Guven A, Degerliyurt A, Kose G. Assessment of bone density in children 
with cerebral palsy by areal bone mineral density measurement. Turk J Pediatr. 2011;53(6):638-44. 
181. King W, Levin R, Schmidt R, Oestreich A, Heubi JE. Prevalence of reduced bone mass in 
children and adults with spastic quadriplegia. Developmental medicine and child neurology. 
2003;45(1):12-6. 
182. Cann CE, Martin MC, Genant HK, Jaffe RB. Decreased spinal mineral content in amenorrheic 
women. Jama. 1984;251(5):626-9. 
183. Swartz CM, Young MA. Male hypogonadism and bone fracture. The New England journal of 
medicine. 1988;318(15):996. 
184. Khosla S, Amin S, Orwoll E. Osteoporosis in men. Endocrine reviews. 2008;29(4):441-64. 
185. Soyka LA, Fairfield WP, Klibanski A. Clinical review 117: Hormonal determinants and 
disorders of peak bone mass in children. The Journal of clinical endocrinology and metabolism. 
2000;85(11):3951-63. 
186. Worley G, Houlihan CM, Herman-Giddens ME, O'Donnell ME, Conaway M, Stallings VA, et al. 
Secondary sexual characteristics in children with cerebral palsy and moderate to severe motor 
impairment: a cross-sectional survey. Pediatrics. 2002;110(5):897-902. 
187. Robertson CM, Morrish DW, Wheler GH, Grace MG. Neonatal encephalopathy: an indicator 
of early sexual maturation in girls. Pediatr Neurol. 1990;6(2):102-8. 
188. Munoz MT, Argente J. Anorexia nervosa: hypogonadotrophic hypogonadism and bone 
mineral density. Horm Res. 2002;57 Suppl 2:57-62. 
189. Stark C, Nikopoulou-Smyrni P, Stabrey A, Semler O, Schoenau E. Effect of a new 
physiotherapy concept on bone mineral density, muscle force and gross motor function in children 
with bilateral cerebral palsy. J Musculoskelet Neuronal Interact. 2010;10(2):151-8. 
190. Zacharin MR. Puberty, contraception, and hormonal management for young people with 
disabilities. Clin Pediatr (Phila). 2009;48(2):149-55. 
191. Lydeckenin K. [Therapeutic amenorrhea in mentally retarded patients]. Sairaanhoitaja. 
1966;42(16):752. 
192. Dizon CD, Allen LM, Ornstein MP. Menstrual and contraceptive issues among young women 
with developmental delay: a retrospective review of cases at the Hospital for Sick Children, Toronto. 
Journal of pediatric and adolescent gynecology. 2005;18(3):157-62. 
193. Arvio M, Kilpinen-Loisa P, Tiitinen A, Huovinen K, Makitie O. Bone mineral density and sex 
hormone status in intellectually disabled women on progestin-induced amenorrhea. Acta Obstet 
Gynecol Scand. 2009;88(4):428-33. 
194. Gunther DF, Diekema DS. Attenuating growth in children with profound developmental 
disability: a new approach to an old dilemma. Arch Pediatr Adolesc Med. 2006;160(10):1013-7. 
195. Nowson CA, McGrath JJ, Ebeling PR, Haikerwal A, Daly RM, Sanders KM, et al. Vitamin D and 
health in adults in Australia and New Zealand: a position statement. Med J Aust. 2012;196(11):686-7. 
196. Munns C, Zacharin MR, Rodda CP, Batch JA, Morley R, Cranswick NE, et al. Prevention and 
treatment of infant and childhood vitamin D deficiency in Australia and New Zealand: a consensus 
statement. Med J Aust. 2006;185(5):268-72. 
197. Ware T, Whitelaw C, Flett P, Parameswaran V. Vitamin d status in tasmanian children with 
cerebral palsy. Journal of paediatrics and child health. 2013;49(4):E349-50. 
198. Daly RM, Gagnon C, Lu ZX, Magliano DJ, Dunstan DW, Sikaris KA, et al. Prevalence of vitamin 
D deficiency and its determinants in Australian adults aged 25 years and older: a national, 
population-based study. Clinical endocrinology. 2012;77(1):26-35. 



183	
	
	
	 	

199. Ohlsson C, Bengtsson BA, Isaksson OG, Andreassen TT, Slootweg MC. Growth hormone and 
bone. Endocrine reviews. 1998;19(1):55-79. 
200. Bravenboer N, Holzmann PJ, ter Maaten JC, Stuurman LM, Roos JC, Lips P. Effect of long-
term growth hormone treatment on bone mass and bone metabolism in growth hormone-deficient 
men. Journal of bone and mineral research : the official journal of the American Society for Bone and 
Mineral Research. 2005;20(10):1778-84. 
201. Bex M, Abs R, Maiter D, Beckers A, Lamberigts G, Bouillon R. The effects of growth hormone 
replacement therapy on bone metabolism in adult-onset growth hormone deficiency: a 2-year open 
randomized controlled multicenter trial. Journal of bone and mineral research : the official journal of 
the American Society for Bone and Mineral Research. 2002;17(6):1081-94. 
202. van der Sluis IM, Boot AM, Hop WC, De Rijke YB, Krenning EP, de Muinck Keizer-Schrama 
SM. Long-term effects of growth hormone therapy on bone mineral density, body composition, and 
serum lipid levels in growth hormone deficient children: a 6-year follow-up study. Horm Res. 
2002;58(5):207-14. 
203. Saggese G, Baroncelli GI. Bone status in children and adolescents with growth hormone 
deficiency: effect of growth hormone treatment. Int J Clin Pract Suppl. 2002(126):18-21. 
204. Sullivan PB, Juszczak E, Bachlet AM, Thomas AG, Lambert B, Vernon-Roberts A, et al. Impact 
of gastrostomy tube feeding on the quality of life of carers of children with cerebral palsy. 
Developmental medicine and child neurology. 2004;46(12):796-800. 
205. Sullivan PB, Juszczak E, Bachlet AM, Lambert B, Vernon-Roberts A, Grant HW, et al. 
Gastrostomy tube feeding in children with cerebral palsy: a prospective, longitudinal study. 
Developmental medicine and child neurology. 2005;47(2):77-85. 
206. Stevenson RD, Hayes RP, Cater LV, Blackman JA. Clinical correlates of linear growth in 
children with cerebral palsy. Developmental medicine and child neurology. 1994;36(2):135-42. 
207. Kuperminc MN, Stevenson RD. Growth and nutrition disorders in children with cerebral 
palsy. Dev Disabil Res Rev. 2008;14(2):137-46. 
208. Andrew MJ, Sullivan PB. Growth in cerebral palsy. Nutr Clin Pract. 2010;25(4):357-61. 
209. Coniglio SJ, Stevenson RD, Rogol AD. Apparent growth hormone deficiency in children with 
cerebral palsy. Developmental medicine and child neurology. 1996;38(9):797-804. 
210. Hegazi MA, Soliman OE, Hasaneen BM, El-Arman M, El-Galel NA, El-Deek BS. Growth 
hormone/insulin-like growth factor-1 axis: a possible non-nutritional factor for growth retardation in 
children with cerebral palsy. J Pediatr (Rio J). 2012;88(3):267-74. 
211. Ali O, Shim M, Fowler E, Cohen P, Oppenheim W. Spinal bone mineral density, IGF-1 and 
IGFBP-3 in children with cerebral palsy. Horm Res. 2007;68(6):316-20. 
212. Soliman AT, Hassan AE, Aref MK, Hintz RL, Rosenfeld RG, Rogol AD. Serum insulin-like 
growth factors I and II concentrations and growth hormone and insulin responses to arginine 
infusion in children with protein-energy malnutrition before and after nutritional rehabilitation. 
Pediatric research. 1986;20(11):1122-30. 
213. Fritton SP, McLeod KJ, Rubin CT. Quantifying the strain history of bone: spatial uniformity 
and self-similarity of low-magnitude strains. Journal of biomechanics. 2000;33(3):317-25. 
214. Gusso S, Munns CF, Colle P, Derraik JG, Biggs JB, Cutfield WS, et al. Effects of whole-body 
vibration training on physical function, bone and muscle mass in adolescents and young adults with 
cerebral palsy. Scientific reports. 2016;6:22518. 
215. Gudjonsdottir B, Stemmons Mercer V. Effects of a dynamic versus a static prone stander on 
bone mineral density and behavior in four children with severe cerebral palsy. Pediatr Phys Ther. 
2002;14(1):38-46. 
216. Wren TA, Lee DC, Hara R, Rethlefsen SA, Kay RM, Dorey FJ, et al. Effect of high-frequency, 
low-magnitude vibration on bone and muscle in children with cerebral palsy. Journal of pediatric 
orthopedics. 2010;30(7):732-8. 



184	
	
	
	 	

217. Ward K, Alsop C, Caulton J, Rubin C, Adams J, Mughal Z. Low magnitude mechanical loading 
is osteogenic in children with disabling conditions. Journal of bone and mineral research : the official 
journal of the American Society for Bone and Mineral Research. 2004;19(3):360-9. 
218. Kitsios A, Tsaklis P, Koronas K, Varsamis P, Abatzides G, Agelopoulou N. The effects of a 
physiotherapeutic programme on bone mineral density, in individuals of postpuberty age (18--30 
years), with cerebral palsy. J Back Musculoskelet Rehabil. 2000;15(1):41-5. 
219. Chad KE, Bailey DA, McKay HA, Zello GA, Snyder RE. The effect of a weight-bearing physical 
activity program on bone mineral content and estimated volumetric density in children with spastic 
cerebral palsy. The Journal of pediatrics. 1999;135(1):115-7. 
220. Caulton JM, Ward KA, Alsop CW, Dunn G, Adams JE, Mughal MZ. A randomised controlled 
trial of standing programme on bone mineral density in non-ambulant children with cerebral palsy. 
Archives of disease in childhood. 2004;89(2):131-5. 
221. Black DM, Delmas PD, Eastell R, Reid IR, Boonen S, Cauley JA, et al. Once-yearly zoledronic 
acid for treatment of postmenopausal osteoporosis. The New England journal of medicine. 
2007;356(18):1809-22. 
222. Boonen S, Reginster JY, Kaufman JM, Lippuner K, Zanchetta J, Langdahl B, et al. Fracture risk 
and zoledronic acid therapy in men with osteoporosis. The New England journal of medicine. 
2012;367(18):1714-23. 
223. Henderson RC, Lark RK, Kecskemethy HH, Miller F, Harcke HT, Bachrach SJ. Bisphosphonates 
to treat osteopenia in children with quadriplegic cerebral palsy: a randomized, placebo-controlled 
clinical trial. The Journal of pediatrics. 2002;141(5):644-51. 
224. Iwasaki T, Takei K, Nakamura S, Hosoda N, Yokota Y, Ishii M. Secondary osteoporosis in long-
term bedridden patients with cerebral palsy. Pediatrics international : official journal of the Japan 
Pediatric Society. 2008;50(3):269-75. 
225. Iwasaki T, Nonoda Y, Ishii M. Long-term outcomes of children and adolescents who had 
cerebral palsy with secondary osteoporosis. Current medical research and opinion. 2012;28(5):737-
47. 
226. Bowden SA, Jessup, A.B., Akusoba, C.I., Mahan, J.D. Zoledronic Acid in Non-Ambulatory 
Children and Young Adults with Fragility Fractures and Low Bone Mass Associated with Spastic 
Quadriplegic Cerebral Palsy and Other Neuromuscular Disorders. Journal of Endocrinology and 
Diabetes Mellitus. 2015;3(2):35-41. 
227. Moon SJ, An YM, Kim SK, Kwon YS, Lee JE. The effect of low-dose intravenous 
bisphosphonate treatment on osteoporosis in children with quadriplegic cerebral palsy. Korean 
journal of pediatrics. 2017;60(12):403-7. 
228. Plotkin H, Coughlin S, Kreikemeier R, Heldt K, Bruzoni M, Lerner G. Low doses of 
pamidronate to treat osteopenia in children with severe cerebral palsy: a pilot study. Developmental 
medicine and child neurology. 2006;48(9):709-12. 
229. Bachrach SJ, Kecskemethy HH, Harcke HT, Lark RK, Miller F, Henderson RC. Pamidronate 
treatment and posttreatment bone density in children with spastic quadriplegic cerebral palsy. 
Journal of clinical densitometry : the official journal of the International Society for Clinical 
Densitometry. 2006;9(2):167-74. 
230. Simm PJ, Johannesen J, Briody J, McQuade M, Hsu B, Bridge C, et al. Zoledronic acid 
improves bone mineral density, reduces bone turnover and improves skeletal architecture over 2 
years of treatment in children with secondary osteoporosis. Bone. 2011;49(5):939-43. 
231. Paksu MS, Vurucu S, Karaoglu A, Karacalioglu AO, Polat A, Yesilyurt O, et al. Osteopenia in 
children with cerebral palsy can be treated with oral alendronate. Child's nervous system : ChNS : 
official journal of the International Society for Pediatric Neurosurgery. 2012;28(2):283-6. 
232. Ooi HL, Briody J, Biggin A, Cowell CT, Munns CF. Intravenous zoledronic Acid given every 6 
months in childhood osteoporosis. Hormone research in paediatrics. 2013;80(3):179-84. 



185	
	
	
	 	

233. Bachrach SJ, Kecskemethy HH, Harcke HT, Hossain J. Decreased fracture incidence after 1 
year of pamidronate treatment in children with spastic quadriplegic cerebral palsy. Developmental 
medicine and child neurology. 2010;52(9):837-42. 
234. Grey A, Bolland MJ, Horne A, Wattie D, House M, Gamble G, et al. Five years of anti-
resorptive activity after a single dose of zoledronate--results from a randomized double-blind 
placebo-controlled trial. Bone. 2012;50(6):1389-93. 
235. George S, Weber DR, Kaplan P, Hummel K, Monk HM, Levine MA. Short-Term Safety of 
Zoledronic Acid in Young Patients With Bone Disorders: An Extensive Institutional Experience. The 
Journal of clinical endocrinology and metabolism. 2015;100(11):4163-71. 
236. Trivedi S, Al-Nofal A, Kumar S, Tripathi S, Kahoud RJ, Tebben PJ. Severe non-infective 
systemic inflammatory response syndrome, shock, and end-organ dysfunction after zoledronic acid 
administration in a child. Osteoporosis international : a journal established as result of cooperation 
between the European Foundation for Osteoporosis and the National Osteoporosis Foundation of 
the USA. 2016;27(7):2379-82. 
237. Wiedemann A, Renard E, Hernandez M, Dousset B, Brezin F, Lambert L, et al. Annual 
Injection of Zoledronic Acid Improves Bone Status in Children with Cerebral Palsy and Rett 
Syndrome. Calcified tissue international. 2018. 
238. Zeitlin L, Rauch F, Plotkin H, Glorieux FH. Height and weight development during four years 
of therapy with cyclical intravenous pamidronate in children and adolescents with osteogenesis 
imperfecta types I, III, and IV. Pediatrics. 2003;111(5 Pt 1):1030-6. 
239. Unal E, Abaci A, Bober E, Buyukgebiz A. Efficacy and safety of oral alendronate treatment in 
children and adolescents with osteoporosis. J Pediatr Endocrinol Metab. 2006;19(4):523-8. 
240. Jekovec-Vrhovsek M, Kocijancic A, Prezelj J. Effect of vitamin D and calcium on bone mineral 
density in children with CP and epilepsy in full-time care. Developmental medicine and child 
neurology. 2000;42(6):403-5. 
241. Ish-Shalom S, Segal E, Salganik T, Raz B, Bromberg IL, Vieth R. Comparison of daily, weekly, 
and monthly vitamin D3 in ethanol dosing protocols for two months in elderly hip fracture patients. 
The Journal of clinical endocrinology and metabolism. 2008;93(9):3430-5. 
242. Le Roy C, Meier M, Witting S, Perez-Bravo F, Solano C, Castillo-Duran C. [Effect of 
supplementation with a single dose of vitamin D in children with cerebral palsy. Preliminary 
randomised controlled study]. Rev Chil Pediatr. 2015. 
243. Trinh A, Wong P, Sakthivel A, Fahey MC, Hennel S, Brown J, et al. Fat-Bone Interactions in 
Adults With Spina Bifida. Journal of the Endocrine Society. 2017;1(10):1301-11. 
244. McClung MR, Wagman RB, Miller PD, Wang A, Lewiecki EM. Observations following 
discontinuation of long-term denosumab therapy. Osteoporosis international : a journal established 
as result of cooperation between the European Foundation for Osteoporosis and the National 
Osteoporosis Foundation of the USA. 2017;28(5):1723-32. 
245. Solanke F, Colver A, McConachie H, Transition collaborative g. Are the health needs of young 
people with cerebral palsy met during transition from child to adult health care? Child: care, health 
and development. 2018;44(3):355-63. 
246. Anastasilakis AD, Polyzos SA, Makras P, Aubry-Rozier B, Kaouri S, Lamy O. Clinical Features of 
24 Patients With Rebound-Associated Vertebral Fractures After Denosumab Discontinuation: 
Systematic Review and Additional Cases. Journal of bone and mineral research : the official journal 
of the American Society for Bone and Mineral Research. 2017;32(6):1291-6. 
247. Cummings SR, Ferrari S, Eastell R, Gilchrist N, Jensen JB, McClung M, et al. Vertebral 
Fractures After Discontinuation of Denosumab: A Post Hoc Analysis of the Randomized Placebo-
Controlled FREEDOM Trial and Its Extension. Journal of bone and mineral research : the official 
journal of the American Society for Bone and Mineral Research. 2018;33(2):190-8. 



186	
	
	
	 	

248. Tsourdi E, Langdahl B, Cohen-Solal M, Aubry-Rozier B, Eriksen EF, Guanabens N, et al. 
Discontinuation of Denosumab therapy for osteoporosis: A systematic review and position 
statement by ECTS. Bone. 2017;105:11-7. 
249. Ali O, Shim M, Fowler E, Greenberg M, Perkins D, Oppenheim W, et al. Growth hormone 
therapy improves bone mineral density in children with cerebral palsy: a preliminary pilot study. The 
Journal of clinical endocrinology and metabolism. 2007;92(3):932-7. 
250. Wald NJ, Cuckle H, Brock JH, Peto R, Polani PE, Woodford FP. Maternal serum-alpha-
fetoprotein measurement in antenatal screening for anencephaly and spina bifida in early 
pregnancy. Report of U.K. collaborative study on alpha-fetoprotein in relation to neural-tube 
defects. Lancet. 1977;1(8026):1323-32. 
251. Copp AJ, Adzick NS, Chitty LS, Fletcher JM, Holmbeck GN, Shaw GM. Spina bifida. Nature 
Reviews Disease Primers. 2015;1:15007. 
252. Mitchell LE, Adzick NS, Melchionne J, Pasquariello PS, Sutton LN, Whitehead AS. Spina bifida. 
Lancet. 2004;364(9448):1885-95. 
253. Dolk H, Loane M, Garne E. The prevalence of congenital anomalies in Europe. Adv Exp Med 
Biol. 2010;686:349-64. 
254. Elwood JM, Little J, Elwood JH. Epidemiology and control of neural tube defects. Oxford ; 
New York: Oxford University Press; 1992. xv, 926 p. p. 
255. Harris MJ, Juriloff DM. An update to the list of mouse mutants with neural tube closure 
defects and advances toward a complete genetic perspective of neural tube closure. Birth Defects 
Res A Clin Mol Teratol. 2010;88(8):653-69. 
256. Czeizel AE, Dudas I. Prevention of the first occurrence of neural-tube defects by 
periconceptional vitamin supplementation. The New England journal of medicine. 
1992;327(26):1832-5. 
257. Prevention of neural tube defects: results of the Medical Research Council Vitamin Study. 
MRC Vitamin Study Research Group. Lancet. 1991;338(8760):131-7. 
258. Rothenberg SP, da Costa MP, Sequeira JM, Cracco J, Roberts JL, Weedon J, et al. 
Autoantibodies against folate receptors in women with a pregnancy complicated by a neural-tube 
defect. The New England journal of medicine. 2004;350(2):134-42. 
259. Oakeshott P, Reid F, Poulton A, Markus H, Whitaker RH, Hunt GM. Neurological level at birth 
predicts survival to the mid-40s and urological deaths in open spina bifida: a complete prospective 
cohort study. Developmental medicine and child neurology. 2015. 
260. Bowman RM, McLone DG, Grant JA, Tomita T, Ito JA. Spina bifida outcome: a 25-year 
prospective. Pediatr Neurosurg. 2001;34(3):114-20. 
261. Wong LY, Paulozzi LJ. Survival of infants with spina bifida: a population study, 1979-94. 
Paediatr Perinat Epidemiol. 2001;15(4):374-8. 
262. Hoffer MM, Feiwell E, Perry R, Perry J, Bonnett C. Functional ambulation in patients with 
myelomeningocele. J Bone Joint Surg Am. 1973;55(1):137-48. 
263. Asher M, Olson J. Factors affecting the ambulatory status of patients with spina bifida 
cystica. J Bone Joint Surg Am. 1983;65(3):350-6. 
264. Rintoul NE, Sutton LN, Hubbard AM, Cohen B, Melchionni J, Pasquariello PS, et al. A new 
look at myelomeningoceles: functional level, vertebral level, shunting, and the implications for fetal 
intervention. Pediatrics. 2002;109(3):409-13. 
265. Bartonek A, Saraste H. Factors influencing ambulation in myelomeningocele: a cross-
sectional study. Developmental medicine and child neurology. 2001;43(4):253-60. 
266. Horlick M, Wang J, Pierson RN, Jr., Thornton JC. Prediction models for evaluation of total-
body bone mass with dual-energy X-ray absorptiometry among children and adolescents. Pediatrics. 
2004;114(3):e337-45. 



187	
	
	
	 	

267. Taylor A, Konrad PT, Norman ME, Harcke HT. Total body bone mineral density in young 
children: influence of head bone mineral density. Journal of bone and mineral research : the official 
journal of the American Society for Bone and Mineral Research. 1997;12(4):652-5. 
268. Ott SM, O'Hanlan M, Lipkin EW, Newell-Morris L. Evaluation of vertebral volumetric vs. areal 
bone mineral density during growth. Bone. 1997;20(6):553-6. 
269. Wren TA, Liu X, Pitukcheewanont P, Gilsanz V. Bone acquisition in healthy children and 
adolescents: comparisons of dual-energy x-ray absorptiometry and computed tomography 
measures. The Journal of clinical endocrinology and metabolism. 2005;90(4):1925-8. 
270. Khoshbin A, Vivas L, Law PW, Stephens D, Davis AM, Howard A, et al. The long-term 
outcome of patients treated operatively and non-operatively for scoliosis deformity secondary to 
spina bifida. The bone & joint journal. 2014;96-B(9):1244-51. 
271. Apkon SD, Fenton L, Coll JR. Bone mineral density in children with myelomeningocele. 
Developmental medicine and child neurology. 2009;51(1):63-7. 
272. Szalay EA, Cheema A. Children with spina bifida are at risk for low bone density. Clin Orthop 
Relat Res. 2011;469(5):1253-7. 
273. Valtonen KM, Goksor LA, Jonsson O, Mellstrom D, Alaranta HT, Viikari-Juntura ER. 
Osteoporosis in adults with meningomyelocele: an unrecognized problem at rehabilitation clinics. 
Archives of physical medicine and rehabilitation. 2006;87(3):376-82. 
274. Parsch K. Origin and treatment of fractures in spina bifida. Eur J Pediatr Surg. 1991;1(5):298-
305. 
275. Lock TR, Aronson DD. Fractures in patients who have myelomeningocele. J Bone Joint Surg 
Am. 1989;71(8):1153-7. 
276. James CC. Fractures of the lower limbs in spina bifida cystica: a survey of 44 fractures in 122 
children. Dev Med Child Neurol Suppl. 1970;22:Suppl 22:88+. 
277. Townsend PF, Cowell HR, Steg NL. Lower extremity fractures simulating infection in 
myelomeningocele. Clin Orthop Relat Res. 1979(144):255-9. 
278. Akbar M, Bresch B, Raiss P, Furstenberg CH, Bruckner T, Seyler T, et al. Fractures in 
myelomeningocele. J Orthop Traumatol. 2010;11(3):175-82. 
279. Marreiros H, Monteiro L, Loff C, Calado E. Fractures in children and adolescents with spina 
bifida: the experience of a Portuguese tertiary-care hospital. Developmental medicine and child 
neurology. 2010;52(8):754-9. 
280. Dosa NP, Eckrich M, Katz DA, Turk M, Liptak GS. Incidence, prevalence, and characteristics of 
fractures in children, adolescents, and adults with spina bifida. J Spinal Cord Med. 2007;30 Suppl 
1:S5-9. 
281. Glick NR, Fischer MH, Heisey DM, Leverson GE, Mann DC. Epidemiology of fractures in 
people with severe and profound developmental disabilities. Osteoporosis international : a journal 
established as result of cooperation between the European Foundation for Osteoporosis and the 
National Osteoporosis Foundation of the USA. 2005;16(4):389-96. 
282. Haas RE, Kecskemethy HH, Lopiccolo MA, Hossain J, Dy RT, Bachrach SJ. Lower extremity 
bone mineral density in children with congenital spinal dysfunction. Developmental medicine and 
child neurology. 2012;54(12):1133-7. 
283. Marreiros H, Loff C, Calado E. Osteoporosis in paediatric patients with spina bifida. J Spinal 
Cord Med. 2012;35(1):9-21. 
284. Martinelli V, Dell'Atti C, Ausili E, Federici E, Magarelli N, Leone A, et al. Risk of fracture 
prevention in spina bifida patients: correlation between bone mineral density, vitamin D, and 
electrolyte values. Child's nervous system : ChNS : official journal of the International Society for 
Pediatric Neurosurgery. 2015;31(8):1361-5. 
285. Quan A, Adams R, Ekmark E, Baum M. Bone mineral density in children with 
myelomeningocele. Pediatrics. 1998;102(3):E34. 



188	
	
	
	 	

286. Rosenstein BD, Greene WB, Herrington RT, Blum AS. Bone density in myelomeningocele: the 
effects of ambulatory status and other factors. Developmental medicine and child neurology. 
1987;29(4):486-94. 
287. Horenstein RE, Shefelbine SJ, Mueske NM, Fisher CL, Wren TA. An approach for determining 
quantitative measures for bone volume and bone mass in the pediatric spina bifida population. Clin 
Biomech (Bristol, Avon). 2015;30(7):748-54. 
288. Van Speybroeck A, Mueske NM, Mittelman SD, Kremer RK, Ryan DD, Wren TA. Fasting serum 
blood measures of bone and lipid metabolism in children with myelomeningocele for early detection 
of cardiovascular and bone fragility risk factors. The journal of spinal cord medicine. 2017;40(2):193-
200. 
289. Kafadar I, Kilic BA, Yilmaz FK, Kilic M. Bone mineral density in pediatric patients with 
meningomyelocele. Child's nervous system : ChNS : official journal of the International Society for 
Pediatric Neurosurgery. 2016;32(1):111-9. 
290. Mita K, Akataki K, Itoh K, Ono Y, Ishida N, Oki T. Assessment of obesity of children with spina 
bifida. Developmental medicine and child neurology. 1993;35(4):305-11. 
291. Hayes-Allen MC, Tring FC. Obesity: another hazard for spina bifida children. Br J Prev Soc 
Med. 1973;27(3):192-6. 
292. Dosa NP, Foley JT, Eckrich M, Woodall-Ruff D, Liptak GS. Obesity across the lifespan among 
persons with spina bifida. Disabil Rehabil. 2009;31(11):914-20. 
293. Ausili E, Focarelli B, Tabacco F, Fortunelli G, Caradonna P, Massimi L, et al. Bone mineral 
density and body composition in a myelomeningocele children population: effects of walking ability 
and sport activity. Eur Rev Med Pharmacol Sci. 2008;12(6):349-54. 
294. Okurowska-Zawada B, Konstantynowicz J, Kulak W, Kaczmarski M, Piotrowska-Jastrzebska J, 
Sienkiewicz D, et al. Assessment of risk factors for osteoporosis and fractures in children with 
meningomyelocele. Adv Med Sci. 2009;54(2):247-52. 
295. Koch MO, McDougal WS. The pathophysiology of hyperchloremic metabolic acidosis after 
urinary diversion through intestinal segments. Surgery. 1985;98(3):561-70. 
296. Frick KK, Bushinsky DA. Metabolic acidosis stimulates RANKL RNA expression in bone 
through a cyclo-oxygenase-dependent mechanism. Journal of bone and mineral research : the 
official journal of the American Society for Bone and Mineral Research. 2003;18(7):1317-25. 
297. Frick KK, Bushinsky DA. Chronic metabolic acidosis reversibly inhibits extracellular matrix 
gene expression in mouse osteoblasts. Am J Physiol. 1998;275(5 Pt 2):F840-7. 
298. Adams RC, Vachha B, Samuelson ML, Keefover-Hicks A, Snodgrass WT. Incidence of new 
onset metabolic acidosis following enteroplasty for myelomeningocele. J Urol. 2010;183(1):302-5. 
299. Hafez AT, McLorie G, Gilday D, Laudenberg B, Upadhyay J, Bagli D, et al. Long-term 
evaluation of metabolic profile and bone mineral density after ileocystoplasty in children. J Urol. 
2003;170(4 Pt 2):1639-41; discussion 41-2. 
300. Davidsson T, Lindergard B, Obrant K, Mansson W. Long-term metabolic effects of urinary 
diversion on skeletal bone: histomorphometric and mineralogic analysis. Urology. 1995;46(3):328-
33. 
301. Koch MO, McDougal WS, Hall MC, Hill DE, Braren HV, Donofrio MN. Long-term metabolic 
effects of urinary diversion: a comparison of myelomeningocele patients managed by clean 
intermittent catheterization and urinary diversion. J Urol. 1992;147(5):1343-7. 
302. Kawakita M, Arai Y, Shigeno C, Terai A, Okada Y, Takeuchi H, et al. Bone demineralization 
following urinary intestinal diversion assessed by urinary pyridinium cross-links and dual energy x-
ray absorptiometry. J Urol. 1996;156(2 Pt 1):355-9. 
303. Incel N, Incel NA, Uygur MC, Tan O, Erol D. Effect of stanford pouch and ileal conduit urinary 
diversions on bone mineral density and metabolism. Int Urol Nephrol. 2006;38(3-4):447-51. 



189	
	
	
	 	

304. Boylu U, Horasanli K, Tanriverdi O, Kendirci M, Gumus E, Miroglu C. Evaluation of bone 
mineral density after ileocystoplasty in children with and without myelomeningocele. Pediatr Surg 
Int. 2006;22(4):375-9. 
305. Plotkin LI, Bellido T. Osteocytic signalling pathways as therapeutic targets for bone fragility. 
Nature reviews Endocrinology. 2016;12(10):593-605. 
306. Melton LJ, 3rd, Crowson CS, Khosla S, Wilson DM, O'Fallon WM. Fracture risk among 
patients with urolithiasis: a population-based cohort study. Kidney Int. 1998;53(2):459-64. 
307. Lauderdale DS, Thisted RA, Wen M, Favus MJ. Bone mineral density and fracture among 
prevalent kidney stone cases in the Third National Health and Nutrition Examination Survey. Journal 
of bone and mineral research : the official journal of the American Society for Bone and Mineral 
Research. 2001;16(10):1893-8. 
308. Gros DA, Thakkar RN, Lakshmanan Y, Ruffing V, Kinsman SL, Docimo SG. Urolithiasis in spina 
bifida. Eur J Pediatr Surg. 1998;8 Suppl 1:68-9. 
309. Veenboer PW, Ruud Bosch JL, van Asbeck FW, de Kort LM. Urolithiasis in adult spina bifida 
patients: study in 260 patients and discussion of the literature. Int Urol Nephrol. 2013;45(3):695-
702. 
310. Verdu Tartajo F, Salinas Casado J, Herranz Amo F, Diez Cordero JM, Duran Merino R, 
Hernandez Fernandez C. [Urinary calculi in myelomeningocele adults]. Actas Urol Esp. 
2006;30(7):675-83. 
311. Manz F, Kehrt R, Lausen B, Merkel A. Urinary calcium excretion in healthy children and 
adolescents. Pediatric nephrology. 1999;13(9):894-9. 
312. McDonnell GV, McCann JP. Why do adults with spina bifida and hydrocephalus die? A clinic-
based study. Eur J Pediatr Surg. 2000;10 Suppl 1:31-2. 
313. Singhal B, Mathew KM. Factors affecting mortality and morbidity in adult spina bifida. Eur J 
Pediatr Surg. 1999;9 Suppl 1:31-2. 
314. Muller T, Arbeiter K, Aufricht C. Renal function in meningomyelocele: risk factors, chronic 
renal failure, renal replacement therapy and transplantation. Curr Opin Urol. 2002;12(6):479-84. 
315. Malakounides G, Lee F, Murphy F, Boddy SA. Single centre experience: long term outcomes 
in spina bifida patients. J Pediatr Urol. 2013;9(5):585-9. 
316. Khwaja A. Chronic kidney disease-mineral and bone disorder KDIGO guidelines. Nephron Clin 
Pract. 2010;116(1):c25-6. 
317. Proos LA, Dahl M, Ahlsten G, Tuvemo T, Gustafsson J. Increased perinatal intracranial 
pressure and prediction of early puberty in girls with myelomeningocele. Archives of disease in 
childhood. 1996;75(1):42-5. 
318. Proos LA, Tuvemo T, Ahlsten G, Gustafsson J, Dahl M. Increased perinatal intracranial 
pressure and brainstem dysfunction predict early puberty in boys with myelomeningocele. Acta 
Paediatr. 2011;100(10):1368-72. 
319. Carel JC, Leger J. Clinical practice. Precocious puberty. The New England journal of medicine. 
2008;358(22):2366-77. 
320. Takahashi Y, Minamitani K, Kobayashi Y, Minagawa M, Yasuda T, Niimi H. Spinal and femoral 
bone mass accumulation during normal adolescence: comparison with female patients with sexual 
precocity and with hypogonadism. The Journal of clinical endocrinology and metabolism. 
1996;81(3):1248-53. 
321. Neely EK, Bachrach LK, Hintz RL, Habiby RL, Slemenda CW, Feezle L, et al. Bone mineral 
density during treatment of central precocious puberty. The Journal of pediatrics. 1995;127(5):819-
22. 
322. Saggese G, Bertelloni S, Baroncelli GI, Battini R, Franchi G. Reduction of bone density: an 
effect of gonadotropin releasing hormone analogue treatment in central precocious puberty. Eur J 
Pediatr. 1993;152(9):717-20. 



190	
	
	
	 	

323. van der Sluis IM, Boot AM, Krenning EP, Drop SL, de Muinck Keizer-Schrama SM. 
Longitudinal follow-up of bone density and body composition in children with precocious or early 
puberty before, during and after cessation of GnRH agonist therapy. The Journal of clinical 
endocrinology and metabolism. 2002;87(2):506-12. 
324. Pasquino AM, Pucarelli I, Accardo F, Demiraj V, Segni M, Di Nardo R. Long-term observation 
of 87 girls with idiopathic central precocious puberty treated with gonadotropin-releasing hormone 
analogs: impact on adult height, body mass index, bone mineral content, and reproductive function. 
The Journal of clinical endocrinology and metabolism. 2008;93(1):190-5. 
325. Taskinen S, Fagerholm R, Makitie O. Skeletal health after intestinal bladder augmentation: 
findings in 54 patients. BJU Int. 2007;100(4):906-10. 
326. Decter RM, Furness PD, 3rd, Nguyen TA, McGowan M, Laudermilch C, Telenko A. 
Reproductive understanding, sexual functioning and testosterone levels in men with spina bifida. J 
Urol. 1997;157(4):1466-8. 
327. Sholas MG, Tann B, Gaebler-Spira D. Oral bisphosphonates to treat disuse osteopenia in 
children with disabilities: a case series. Journal of pediatric orthopedics. 2005;25(3):326-31. 
328. Quan A, Adams R, Ekmark E, Baum M. Bone mineral density in children with 
myelomeningocele: effect of hydrochlorothiazide. Pediatr Nephrol. 2003;18(9):929-33. 
329. Liptak GS, Shurtleff DB, Bloss JW, Baltus-Hebert E, Manitta P. Mobility aids for children with 
high-level myelomeningocele: parapodium versus wheelchair. Developmental medicine and child 
neurology. 1992;34(9):787-96. 
330. Mazur JM, Shurtleff D, Menelaus M, Colliver J. Orthopaedic management of high-level spina 
bifida. Early walking compared with early use of a wheelchair. J Bone Joint Surg Am. 1989;71(1):56-
61. 
331. Dicianno BE, Wilson R. Hospitalizations of adults with spina bifida and congenital spinal cord 
anomalies. Archives of physical medicine and rehabilitation. 2010;91(4):529-35. 
332. Looker AC, Flegal KM, Melton LJ, 3rd. Impact of increased overweight on the projected 
prevalence of osteoporosis in older women. Osteoporosis international : a journal established as 
result of cooperation between the European Foundation for Osteoporosis and the National 
Osteoporosis Foundation of the USA. 2007;18(3):307-13. 
333. Felson DT, Zhang Y, Hannan MT, Anderson JJ. Effects of weight and body mass index on bone 
mineral density in men and women: the Framingham study. Journal of bone and mineral research : 
the official journal of the American Society for Bone and Mineral Research. 1993;8(5):567-73. 
334. Cornish J, Callon KE, Cooper GJ, Reid IR. Amylin stimulates osteoblast proliferation and 
increases mineralized bone volume in adult mice. Biochem Biophys Res Commun. 1995;207(1):133-
9. 
335. Thomas T, Burguera B, Melton LJ, 3rd, Atkinson EJ, O'Fallon WM, Riggs BL, et al. Role of 
serum leptin, insulin, and estrogen levels as potential mediators of the relationship between fat 
mass and bone mineral density in men versus women. Bone. 2001;29(2):114-20. 
336. Trinh A, Wong P, Fahey MC, Brown J, Churchyard A, Strauss BJ, et al. Musculoskeletal and 
Endocrine Health in Adults With Cerebral Palsy: New Opportunities for Intervention. The Journal of 
clinical endocrinology and metabolism. 2016;101(3):1190-7. 
337. Trinh A, Wong P, Fahey MC, Ebeling PR, Fuller PJ, Milat F. Trabecular bone score in adults 
with cerebral palsy. Bone. 2018;117:1-5. 
338. Trinh A, Wong P, Fahey MC, Brown J, Strauss BJ, Ebeling PR, et al. Longitudinal changes in 
bone density in adolescents and young adults with cerebral palsy: A case for early intervention. 
Clinical endocrinology. 2019. 
339. Roquet M, Garlantezec R, Remy-Neris O, Sacaze E, Gallien P, Ropars J, et al. From childhood 
to adulthood: health care use in individuals with cerebral palsy. Developmental medicine and child 
neurology. 2018;60(12):1271-7. 



191	
	
	
	 	

340. Sabatier JP, Guaydier-Souquieres G, Benmalek A, Marcelli C. Evolution of lumbar bone 
mineral content during adolescence and adulthood: a longitudinal study in 395 healthy females 10-
24 years of age and 206 premenopausal women. Osteoporosis international : a journal established 
as result of cooperation between the European Foundation for Osteoporosis and the National 
Osteoporosis Foundation of the USA. 1999;9(6):476-82. 
341. Bonjour JP, Theintz G, Buchs B, Slosman D, Rizzoli R. Critical years and stages of puberty for 
spinal and femoral bone mass accumulation during adolescence. The Journal of clinical 
endocrinology and metabolism. 1991;73(3):555-63. 
342. Weber DR, Boyce A, Gordon C, Hogler W, Kecskemethy HH, Misra M, et al. The Utility of DXA 
Assessment at the Forearm, Proximal Femur, and Lateral Distal Femur, and Vertebral Fracture 
Assessment in the Pediatric Population: The 2019 Official Pediatric Positions of the ISCD. Journal of 
clinical densitometry : the official journal of the International Society for Clinical Densitometry. 2019. 
343. Trinh A, Wong P, Brown J, Hennel S, Ebeling PR, Fuller PJ, et al. Fractures in spina bifida from 
childhood to young adulthood. Osteoporosis international : a journal established as result of 
cooperation between the European Foundation for Osteoporosis and the National Osteoporosis 
Foundation of the USA. 2016. 
344. Veenboer PW, Bosch JL, van Asbeck FW, de Kort LM. Upper and lower urinary tract 
outcomes in adult myelomeningocele patients: a systematic review. PLoS One. 2012;7(10):e48399. 
345. Dicianno BE, Sherman A, Roehmer C, Zigler CK. Co-morbidities Associated With Early 
Mortality in Adults With Spina Bifida. Am J Phys Med Rehabil. 2018;97(12):861-5. 
 
  



192	
	
	
	 	

Appendices 
 
Appendix 1 – Severe acute phase response after zoledronic acid in adults with cerebral palsy 
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Appendix 2 – Optimising bone health in cerebral palsy through the lifespan 
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